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ABSTRACT 


The  U.S.  Army  Materials  Technology  Laboratory  has  been  conducting  the  annual  Sagamore  Army 
Materials  Research  Conferences  since  1954.  The  specific  purpose  of  these  conferences  has  been  to  bring 
together  scientists  and  engineers  from  academic  institutions,  industry,-  and  the  Government  to  explore  in 
depth  a  subject  of  importance  to  the  Department  of  Defense,  the  Army,  and  the  scientific  community. 

The  32nd  Sagamore  Conference,  titled '^Elastomers  and  Rubber  Technology^’  h^s  attempted  to  focus  on 
major  Army  requirements  for  elastomers,  including  improved  tank  track  rubber  durability  and  chemical 
defense  applications.  Exploratory  polymer  synthesis,  characterization,  elastomeric  networks,  polymer 
blends,  new  commercial  developments,  tearing  and  fracture  of  rubber,  dynamic  mechanical  properties, 
mathematical  modeling,  laboratory  and  field  degradation  studies,  were  discussed  at  the  meeting.  This 
volume  provides  an  important  summary  for  researchers  and  technologists  interested  in  fundamental 
aspects  of  elastomer  science,  and  in  elastomers  for  military  applications. 
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The  findings  in  this  report  arc  not  to  be  construed  as  an  official 
Department  of  the  Army  position,  unless  so  designated  by  other 
authorised  documents.' 

Mention  of  any  trade  names  or  manufacturers  in  this  report 
shall  not  be  construed  as  advertising  noi  as  an  official 
indorsement  or  approval  of  such  products  or  companies  by 
the  United  States  Government. 


PREFACE 


The  Army  Mater’ als  Technology  Laboratory  (formerly  the 
Army  Materials  and  MhChanics  Research  Center)  has  been  con- 
ducting  the  Annual  Sagamore  Army  Materials  Research  Conferences 
since  1954.  The  specific  purpose  of  these  conferences  has  been 
to  bring  together  scientists  and  engineers  from  academic 
institutions,  industry,  and  government  to  explore  in-depth  a. 
subject  of  importance  to  the  Department  of  Defense,  the  Army,, 
and  the  sci'-^ntific  community. 

The  32nd  Sagamore  Conference,  titled  "Elastomers  and 
Rubber  Technology",  has  attempted  to  focus  on  a  major  Army 
requirement  for  olastomers,  namely  improved  tank  track  rubber 
durability.  Opening  remarks  by  Or.  Wenzel  £.  Davidsohn, 
Conference  Chairman,  and  Or.  Robert  W.  Lewis,  Director  of 
Science  &  Technology  at  Natick  R&O  Center,  highlighted  the 
importance  of  rubber  to  the  Army's  mission.  Presentations  and 
posters  ranged  from  highly  theoretical  to  the  practical  engi¬ 
neering  requirements  for  improving  track  rubber  performance  in 
field  service.  Exploratory  polymer  synthesis,  characteriza¬ 
tion,  elastomeric  networks,  polymer  blends,  new  commercial 
developments,  tearing  and  fracture  of  rubber,  dynamic  mechani¬ 
cal  properties,  mathematical  modeling,  laboratory  and  field 
degradation  studies,  were  also  topics  at  the  meeting. 

Other  Army  concerns  were  discussed,  such  as  the  need  for 
improved  elastomers  in  chemical  defense  applications.  The 
banquet  presentation  reminded  all  of  us  that  the  largest  single 
use  of  rubber  is  for  automobile  tires,  both  in  the  United 
States  and  abroad.  Not  only  the  Army,  but  modern  society 
relies  on  rubber  products  in  so  many  ways. 

We  wish  to  acknowledge  the  assistance  of  Ms.  Karen 
Kaloostian  of  the  Army  Materials  Technology  Laboratory  for  all 
the  many  arrangements  provided  before  and  during  the 
conference.  Timely  suggestions  from  Roger  Beatty  and  the 
encouragement  from  last  year's  Conference  Chairman 


VH 


Dr.  James  McCauley  were  sincerely  appreciated.  We  also  wish  to 
acknowledge  the  technical  and  Ibgistical  assistance  of  the 
Metals  and  Ceramics  Information  Center  operated  by  Battel le 
Columbus  Division,  and  the  efforts  of  Aaron  Friedman  and  Donna 
Blackburn  of  the  Army  MIL,  Mrs.  Joan  Purvis  of  Synergic 
Communication  Services,  Inc.,  apd  Ms.  Nancy  Hill  McClary  of 
Battelle  Columbus  Division,  all  for  assistance  during  the 
conference  and  in  assembling  these  proceedings  for  publication. 


Robert  E.  Singler  and 
Catherine  A.  Byrne 

Watertown,  MA 
August,  1986 
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SYNTHESIS  AND  CHARACTERIZATION  OF  NOVEL  POLYETHER- 
URETHANEUREAS:  "CHAIN  EXTENSION"  WITH  TERTIARY  ALCOHOLS 


BIN  LEE^  JAMES  E.  McGRATH*^,  GARTH  L.  WILKES^  AND 
DINESH  TYAGr 

(1)  Department  of  Chemistry,  (2)  Department  of  Chemical 
Engineering,  Polymer  Materials  and  Interfaces  Laboratory, 
Virginia  Polytechnic  Institute  and  State  University, 
Blacksburg,  Virginia  24061;  (3)  Electrophotography  Div., 
Research  Labs,  Eastman  Kodak  Co.,  Rochester,  NY  14650. 


INTRODUCTION 

Conventional  urethane  elastomers  are  well-known  to  have  a 
number  of  desirable  properties,  but  are  not  considered  high 
temperature  polymers  (la).  Continuous  service  applications  at 
temperatures  above  100®C  are  not  usually  recommended. 

Softening  and  even  thermal  dissociation  of  high  temperatures  is 
an  Inherent  characteristic  of  the  urethane  linkage.  However, 

It  has  been  recognized  that  the  Incorporation  of  urea  linkages 
In  the  polyurethane  hard  segment  has  a  profound  effect  on  the 
phase  separation  and  domain  structure  of  polyurethaneureas. 

This  Is  largely  due  to  the  high  polarity  difference  between 
hard  and  soft  segments  and  possibly  to  the  development  of  a 
th»'ee-dimens1onal  hydrogen-bonding  network. 

The  hard  segments,  in  the  polyurethaneUrea  elastomers,  are 
often  composed  of  an  aromatic  d1 isocyanate  reacted  with  a 
diamine  chain  extender,  while  the  soft  segments  are  a  low 
molecular  weight  hydroxy- terminated  polyether  or  polyester. 

Due  to  the  rapid  diisocyanate  reaction  with  diamine,  solution 
polymerization  is  usually  essential  in  the  synthesis  of 
polyurethaneurea  elastomers.  A  relatively  low  polymerization 
temperature  is  necessary  to  prevent  significant  side  reactions. 
However,  the  solution  polymerization  suffers  from  the 
difficulty  of  obtaining  a  good  common  solvent  for  both  soft  and 
hard  (sometimes  crystalline)  segments  which  have  a  large 
difference  In  solubility  parameter.  Clearly,  the  choice  of 
solvent  affects  the  degree  of  polymerization  due  to  premature 
precipitation  of  the  polymer.  A  mechanically  weak  polymer 
would  be  obtained  If  the  molecular  weight  of  the  segmented 
copolymer  is  low.  Diamines  having  a  substituent  on  the  benzene 
ring,  ortho  to  the  amine  group,  such  as  3,3'-d1ch1oro-4,4'- 
di ami  nodi  phenyl  methane  (MOCA),  provide  an  acceptable  lowered 
diamine  reactivity  In  the  bulk  preparation  of  polyurethaneurea 
elastomers.  These  chain  extenders,  as  well  as  derivatives  of 


*To  whom  correspondence  should  be  addressed 
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4,4'-cHatn1nodiphenylniethane  should  be  avoided  since  they 
present  well-known  carcinogenic  hazards. 

rrom  the  literature  It  Is  obvious  that  a  variety  of 
polyurethaneurea  copolymers  have  been  prepared  and  studied  (1- 
16).  Among  the  chain  extenders  studied,  the  4,4'- 
d1 ami  nodi  phenyl  methane  (DAM)  chain  extended  polyurethaneureas 
(1,4,9,10,11)  have  been  of  great  Interest.  A  symmetric  MDI/DAM 
hard  segment  would  have  better  packing  efficiency  than  a 
TDI/DAM  hard  segment.  As  a  result,  much  stronger  hard  segment 
domains  would  be  obtained  with  the  former  and  the  segmented 
copolymers  would  be  expected  to  display  a  stronger  mechanical 
response.  Moreover,  the  "thermomechanlcal"  stability  of 
W)I/DAM  type  hard  segment  domains  Is  expected  to  be  higher  than 
a  hard  domain  constructed  by  MOI/ED  (ethylene  diamine).  Due  to 
the  all  aromatic  structure  In  the  MDI/DAM  hard  segment,  a 
reasonable  estimate  of  Its  transition  temperature  Is  In  the 
range  of  300®C  to  375‘‘C  as  shown  In  Table  1. 


TABLE  1 

CHARACTERISTICS  OF  SHORT  AND  LONG  CHAIN  MDI/DAM  UREAS 

T  (*0  Reference 

STRUCTURE  experimental 


330 


18 


375 


10,19 


This  thermal  characteristic  of  MDI/DAM  hard  segment  should 
provide  better  thermomechanlcal  and  heat  resistance  properties 
to  polyurethane  elastomer  systems. 

Chain  extension  of  the  Isocyanate  terminated  prepolymer 
with  water  could  also  lead  to  polyurethaneureas  with  hard 
segment  structure  similar  to  the  MDI/DAM  system.  The  model 
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reaction  scheme  Is  illustrated  below  In  Eq.  I. 


RNCO  +  HgO  —  [RNHCOOH]  RNH.  +  CO,t 


RNCQ 


RNHCONHR  I. 


Water  extended  polyurethane  systems  have  been  Investigated  for 
wny  years.  However,  one  major  problem  with  the  addition  of 
water  directly  into  the  system  Is  Its  extremely  low  solubility 
in  tne  reacting  medium.  Thus,  a  wide  variation  In  reactivity 
occurs,  which  Is  no  doubt  related  to  the  nature  of  the 
heterogeneous  system  (e.g.  hard  segment  sequence  distribution). 

purpose  of  this  paper  to  further  describe  a  new 
method  for  preparing  urea-urethane  block  copolymers  via  a 
process  we  term  carbamate- isocyanate  interactions.  This  method 

IPEUU)  high  molecular  Weight  polyurethaneureas 

(rtUU;  with  MDI/DAM  type  hard  segment  by  using  a  bulk 
polymerization  technique.  Unusual  tertiary  alcohol  "chain 
extenders  have  been  investigated  in  our  laboratory  recently. 

It  was  observed  earlier  that  carbanilide  and  the  corresponding 
olefin  are  formed  by  heating  tertiary  alcohols  with  phenyl 
Isocyanate  (20,21)  as  shown  in  Eq.  II. 


2<§)-NC0  +  H0-j-CH3 - CHj-C-CHg  +  COgt  II. 

Although  no  mechanism  was  proposed,  it  was  postulated  that  a 
tertiary  alcohol  would  produce  water  at  a  sufficiently  high 
temperature.  If  this  is  the  case,  such  characteristics  of 
tertiary  alcohol  can  be  utilized  synthetically  to  introduce 

preparation  of  water  chain 

extended  polyurethaneurea  elastomers  without  immiscIMIIty 

P»'esu"'ab1y  first  reacts  with  the  Isocyanate  to 
form  a  thermally  unstable  carbamic  acid  Intermediate,  which  is 
then  converted  to  the  corresponding  amine, 

reactions  have  been  conducted  to  further 
Clarify  the  urea  formation  mechanism  and  are  discussed  in 
separate  paper  (22).  We  proposed  that  the  carbamate-isocyanate 
Interaction  (Schem®  1)  Is  likely  to  be  responsible  for  the  urea 
fornwtion,  based  on  those  model  reaction  studies,  in  the 
tertiary  alcohol  "chain  extended"  polyurethanes. 
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SCHEME  1 


PROPOSED  UREA  FORMATION  MECHANISM 


We  have  demonstrated  that  these  Interesting 
characteristics  of  tertiary  alcohols  (either  mono-  or  d1- 
functlonal)  can  be  utilized  synthetically  to  produce  polyureas 
In  the  presence  of  dissocyanates.  Thus  far,  we  have 
Investigated  the  effects  of  phenyl  substituted  tertiary 
alcohols  and  have  defined  preliminary  conditions  for  the 
preparation  of  high  molecular  weight  thermoplastic 
pclyurethaneurea  elastomers.  The  thermal  and  physical 
properties  of  MDI  based  elastomers  as  well  as  thermomechanical 
stability,  have  been  achieved.  The  reader  Is  referred  to 
references  26  and  27  for  more  detailed  morphological  studies  of 
these  novel  polyurethaneureas. 


SYNTilESIS 


EXPERIMENTAL 


The  materials  used  In  this  study  are  listed  In  Table  2. 
Hydroxy-terminated  polytetramethylene  glycols  (PTMO,  DuPont) 
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were  dehydrated  at  70*C  under  vacuum  for  24  hours  before  use. 
Cumyl  alcohol  (CA,  Aldrich)  was  purified  by  vacuum 
distillation.  Dicumyl  alcohol  (DCA,  Goodyear)  was  used  as 
received.  MDI  (Mobay)  was  vacuum  distilled  and  stored  In  a 
desiccator  at  O^C  before  use. 

SYNTHESIS  OF  POLYURETHANEUREAS.  The  segmented 
polyurethaneurea  elastomers  were  synthesized  by  a  step-growth 
reaction  (Scheme  2).  HOI  was  charged  Into  a  N^-fired  resin 
kettle  equipped  with  a  high  torque  mechanical  stlrrc*  at  room 


SCHEME  2.  Reaction  Scheme  for  the  Synthesis  of  PUR's  Via  3“ 
Alcohol  ‘“Chain  Extenders". 


I. 


CAPPING 

H0-(-CH2CH2CH2CH2CH20)j,-H  + 
(PTMO,  650-2000  Mn) 

bulk  1 


MDI 

1  hr. 

110*C 


OCN . NCO 

Isocyanate  capped  prepolymer  (1) 


II.  CHAIN  EXTENSION  WITH  CA 

(1)  + 


150*  C 
2  hr 


"novel"  urea  chain  extension 


temperature.  PTMO  was  then  slowly  syringed  into  the  reactor  at 
110*C  over  a  period  of  20  minutes.  After  reacting  the 
prepci ymer/MOI  mixture  at  110*0  for  1  hour,  CA  or  DCA  was  added 
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and  the  temperature  was  Increased  to  ISCC.  At  150"C,  the  bulk 
viscosity  gradually  Increases  and  the  mechanical  stirrer  was 
stopped  within  30  minutes  due  to  the  high  viscosity. 
Essentially,  a  solid  polymer  had  been  formed  at  this  stage. 

The  reaction  was  continued  for  two  additional  hours  at  150°C  In 
order  to  have  complete  reaction.  In  fact,  the  synthesis  can  be 
accelerated  by  adding  a  suitable  catalyst,  and  high  molecular 
weight  polymer  can  be  obtained  In  a  very  short  time.  The 
copolymers  synthesized  In  this  fashion  was  extracted  with  hot 
THF  for  24  hours  to  remove  any  soluble  by-products  such  as  a- 
methyl styrene  and  were  dried  In  a  vacuum  oven  at  70“C  for  36 
hours. 

The  molar  ratio  of  MDI  and  PTMO  and  soft  segment  PTMO 
molecular  weight  were  altered  In  different  experiments  to 
produce  samples  with  systematically  varied  hard  segment  content 
and  block  length.  By  using  this  approach,  tertiary  alcohols 
are  not  ditectly  Involved  in  the  chain  extension  steFI  Thus, 
the  hard  segment  In  the  copolymers  will  be  totally  derived  from 
the  d1  Isocyanates.  The  theoretical  hai^d  segment  content  is 
equivalent  to  the  weight  percent  of  the  diisocyanate  charged. 
The  theoretical  percentage  of  urea  content  can  be  calculated  by 
using  the  following  relationship  (note  that  possible  side 
reactions  are  not  considered): 


t  urea  urea  linkages 

content  »  - ^ - 

urea  linkages  ^  urethane  linkages 


Imoles  of  NH- 

3  -  -  -  - 

Imoles  of  NH2  +  Imoles  of  OH 

(I  moles  of  MDI  -  I  moles  of  PTM0)/2 

a  -  -  -  -  -  _ 

(Imoles  of  MDI  -  Imoles  of  PTM0)/2  +  Imoles  of  PTMO 
Imoles  of  MDI  -  Imoles  of  PTMO 

a  -  -  -  ■  - 

Imoles  of  MDI  +  Imoles  of  PTMO 

The  characteristics  of  the  various  polyurethaneureas 
synthesized  are  listed  in  Table  3. 
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TABLE  3 


CHARACTERISTICS  OF  VARIOUS  POLYURETHANEUREAS  SYNTHESIZED 


,  SAMPLE 

Mole  Ratio 

MDI/ PTMO/ CA  OR  DCA 

%  urea 
Content 

PTM0-2000-MDI-23-CA 

2.5/1/1.5 

43 

PTM0-2000-MDI-31-CA 

3.7/1/2.7 

57 

PTMb-2000-MDI-41-CA 

5. 6/1/4. 6 

70 

PTM0-200O-MOI-31-DCA 

3.7/1/1.35 

57 

PTM0-1000-MDI-31-DCA 

1. 8/1/0. 4 

29 

PTMO-  650-MDI-31-DCA 

1.2/ 1/0.1 

9 

A  system  obtained  with  2000  molecular  weight  PTHO,  MDI  and  CA 
Is  referred  to  as  PTM0-2000-MDI-X-CA,  where  X  represents  the 
weight  percent  of  the  hard  segments  and  CA  Indicates  the  type 
of  the  chain  extender.  A  similar  nomenclature  Is  employed  for 
all  other  samples. 

A  clear  polymer  was  obtained  by  dissolving  the  extracted 
copolymers  in  DMF  at  100°cJ  This  indicates  that  an  essentially 
linear  polymer  was  obtained.  Films  for  physical  testing  were 
prepared  by  compression  molding  at  210®C. 

SYNTHESIS  OF  MODEL  POIYUREAS.  The  Idealized  chemical 
structure  of  the  hard  segment  of  the  above  urethaneurea 
copolymers  Is  shown  below: 


OH  H  0  H  HO 

For  the  purpose  of  clarifying  the  structure  and  the  thermal 
characteristics  of  the  hard  segment  of  polyurethaneiirea 
elastomers.  It  was  Important  to  prepare  a  model  polyurea  with  a 
structure  similar  to  the  designed  hard  segment. 
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Model  polyureas  were  prepared  by  using  two  different 

were  reacted  in  vacuum  distilled 

J  0^  course,  be 

i^ossible  to  prepare  a  polymer"  via  a  conventional  alcohol- 
isocyanate  reaction  since  one  of  the  reagents  would  be, 
nominally  at  least,  monofunctional.  However,  moderate 
molecular  weight  polymer  was  in  fact  obtained  and  a  sharp 
around  375*C  was  observed  from  differential 
wanning  calorimetry  (DSC)  measurements.  Similar  DSC  results 
^re  obtained  on  a  polymer  which  was  synthesized  more 
conventionally  with  MOI  and  DAM  in  DMF  at  10®C  for  about  4 


SCHEME  3 

SYNTHESIS  OF  MODEL  PQLY-MDT-IIRFA 

CA  MDI  +  DAM 


fhp  Structural  characterization  of 

obtained  with  a  Nicolet  MX-1  FT-IR 
Spectrometer  linked  to  a  Nicolet  Data  Station.  IR  spectra  were 
taken  on  polyirer  films  and  the  polymerization  extracts. 

a  PerHrnS^S^fHr'  were  recorded  by  using 

®  temperature  range  of  -100  to 

fvltlm  gas  was  used  to  purge  the 

^  heating  rate  of  10"C/min  was  employed  throughout 

f'-cS  second  cS  in 

^der  to  provide  a  constant  thermal  history.  Thermal 

P^^ki!I-^L^"th^™^^i2*i  polder  films  was. performed  on  a 
ranol  -100  to^loS^r  cal  Analyzer  over  the  temperature 

heStino  ratP  of experiments  were  carried  out  at  a 
neating  rate  of  10  C/min  under  a  constant  load  of  10  cm 

JlrTlZuMy! 
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DYNAMIC  MECHANICAL  ANALYSIS.  The  dynamic  mechanical  data 
were  recorded  using  Rheovibron  DDV-IIC  Viscoelastomer  (Toyo 
Measuring  Instruments)  at  a  frequency  of  110  Hz.  The  samples 
were  rapidly  cooled  down  to  -100®C  and  the  measurements  were 
made  with  a  heating  rate  of  S^C/min  up  to  CjO®C. 

TENSILE  TESTING.  Uniaxial  stress-strain  experiments  were 
performed  on  dog-bone  specimens  using  an  Instron  Tensile  Tester 
(Model  1122)  at  room  temperature.  These  experiments  were 
carried  out  at  a  strain  rate  of  200X  per  minute  based  on  the 
initial  sample  length. 

A.,hutanediol  chain  extended  segmented  polyurethane, 

Estane  ",  with  31X  hard  segment  content  was  also  studied  as  a 
control  for  our  novel  PEUU's.  This  polymer  was  kindly  supplied 
by  BF  Goodrich  Chemical  Company. 


RESULTS  AND  DISCUSSION 

In  this  approach  to  polyurethaneureas,  phenyl-substituted 
tertiary  aicohols  have  been  selected  as  a  chain  extender.  It 
has  been  reported  in  the  literature  (23)  that,  on  heating  to 
over  200®C,  carbamates  derived  from  phenyl  isocyanate  and  t- 
butyl  alcohol  yields  the  corresponding  amine,  carbon  dioxide 
and  alkene.  Both  the  high  temperature  requirement  and 
volatility  could  cause  some  problems  during  the  reactions. 

This  immediately  eliminated  the  use  of  t-butyl  alcohol  in  our 
preliminary  studies.  As  described  in  Scheme  1,  the  phenyl 
group  on  the  tertiary  carbon  could  stabilize  the  possibly 
resulting  tertiary  carbonium  ion.  Thus,  a  relatively  lower 
dissociation  temperature  is  expected  for  such  a  carbamate 
derived  from  cumyl  alcohol  and  phenyl  isocyanate.  The  typical 
reaction  temperature  was  observed  to  be  about  140-150*C  (in  the 
absence  of  catalyst)  for  most  of  the  polymerizations. 

As  shown  in  Scheme  4,  if  the  reaction  was  conducted  at 
110®C  w1 whout  catalyst,  no  increase  in  viscosity  was  observed. 
However,  at  higher  temperatures,  e.g.,  150°C,  an  immediate 
Increase  in  viscosity  was  observed  which  indicated  an  increase 
in  polymer  molecular  weight.  The  high  reaction  temperature 
necessary  is  not  surprising  due  to  the  effect  of  steric 
hindrance  of  phenyl  substituted  tertiary  alcohols.  In  fact, 
the  synthesis  can  be  accelerated  by  adding  catalyst  and  high 
molecular  >;«1ght  polymer  was  formed  in  a  very  short  period  of 
time  (22). 
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SCHEME  4 


TEMPERATURE  EFFECTS  ON  THE  CHAIN  EXTENSION  REACTION 


Isocyanate  capped  prepolymer  CA 


(A) 

bulk 


110"C 
5  hr. 


no  visible  change 
In  viscosity 


(B)  , 

bulk 


ISO^C 


gradual  increase 
in  viscosity 

-2  hr. 

polymer  with 
high  molecular  weight 


INFRARED  STUDIES.  In  order  to  characterize  the  reaction 
mechanism  and  to  confirm  the  formation  of  urea  linkages,  the 
Infrared  spectra  Were  obtained  from  the  thin  compression  molded 
polymer  films.  Figure  1  Is  the  FT-IR  spectra  for  DCA  chain 
extended  polymers  prepared  by  two  different  fashion-bulk 
(PTMO-2000-MDI-23-DCA)  and  solution  (PTM0-200p»MDI-DCA-31-S). 
The  presence  of  an  absorption  peak  at  1640  cm“*  In  the  IR 
spectrum  has  confirmed  the  incorporation  of  urea  linkages  In  an 
sample  prepared  by  using  bulk  polymerization  at  150*C.  This 
intense  peak  Is  attributed  to  the  hydrogen  bonded  urea 
carbonyl.  The  MOI  based  polyurethanevreas  prepared  by  using 
this  approach  gave  a  very  similar  IR  spectra  with  the  MDl/DAM 
based  PEUU  prepared  by  Ishihara  et  al.  (1).  No  absorption  peak 
corresponding  to  the  1640  cm"^  was  observed  for  the  solution 
polymerized  DCA  chain  extended  polyurethane,  PTM0-2000->ffiI-DCA- 
31-S.  This  polymer  Is  prepared  in' vacuum  distilled  DMF  at  SO^C 
in  the  presence  of  catalyst.  Under  such  conditions,  DCA  is 
expected  to  react  with  MDI  terminated  prepolymer  through  a 
conventional  alcohol-isocyanate  mechanism.  The  resulting 
urethane  linkages  are  expected  to  have  reasonable  thermal 
stability  at  50®C.  Model  reactions  have  been  conducted,  and  - 
this  has  proved  to  be  the  case,(22).  The  IR  absorptions 
appearing  at  1730  and  1703  cm”^  correspond  to  the  nonhydrogen 
bonded  and  hydrogen  bonded  C»0  stretching  mode  of  urethane 
groups,  respectively. 

As  mentioned  earlier  1n  the  Introduction,  the  carbamates 
derived  from  tertiary  alcohols  and  phenyl  Isocyanate  are 
thermally  unstable.  On  heating  such  a  carbamate  with  the 
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FIGURE  1.  FT-IR  Spectra  of  bulk  and  solution  synthesized  DCA 
chain-extended  PUR's. 


present  Isocyanate  to  150*C,  a  thermally  more  stable  urea 
linkage  can  be  obtained.  In  other  words,  the  tertiary  alcohols 
In  the  polyurea  synthesis  are  not  directly  Incorporated  Into 
the  polymer  backbone.  It  Is  more  likely  that  they  convert  the 
Isocyanates  to  corresponding  amines  via  carbamate-isocyanate 
Interaction  which  then  react  with  Isocyanates  to  give  polyurea. 
As  a  consequence,  the  basic  structure  of  the  polyureas  should 
be  Independent  of  the  type  of  the  tertiary  alcohol  used  (either 
mono-  or  d1-  functional)  while  the  other  starting  materials  are 
the  same.  The  FT-IR  spectra  of  both  CA  (monofunctlonal )  and 
DCA  (difunctlonal )  chain  extended  polymers  are  shown  In  Figure 
2.  Basically,  there  Is  no  difference  between  the  polymer  In 
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FIGURE  2.  FT-IR  of  mono-  and  d1-  cumyl  alcohol  chain  extended 
PEUU^s. 


terms  of  IR  absorptions.  Both  polymers  show  a  very  Intense 
absorption  at  1640  cm‘^  which  Is  due  to  the  hydrogen  bonded 
urea  carbonyl.  Moreover,  It  would  of  course  be  Impossible  to 
prepare  a  "polymer"  via  a  conventional  alcohol-isocyanate 
reaction  If  one  of  the  reagents  Is  monofunctlonal  material. 

The  reaction  by-products  resulting  from  the  carbamate- 
isocyanate  Interaction  will  be  carbon  dioxide  and  olefin.  We 
have  observed  the  gas  evolution  during  the  polymerization  that 
we  believe  to  be  carbon  dioxide.  More  substantially,  the 
evidence  of  the  formation  of  olefin  (o-MS,  In  the  case  of  CA 
chain  extended  systems)  Is  given  In  Figure  3.  Three  IR  spectra 
were  taken  on  CA  and  a-MS  control  and  the  reaction  by-products. 
The  liquid  by-products  were  collected  from  the  Inside  wall  of 
the  reaction  kettle  during  the  reaction.  Due  to  the  volatility 
of  CA  and  a-MS  at  150®C,  the  collected  liquid  Is  actually  a 
mixture  of  a-HS  and  CA  as  demonstrated  by  IR  (bottom  spectrum 
of  Figure  3).  Fortunately,  even  though  most  of  the  absorption 
peaks  overlapped  with  the  olefin,  absorptions  are  able  to  be 
differentiated  from  the  background.  The  absorption  peaks 
appearing  at  1640  cm"'^  and  850  cm”'‘  correspond  to  the  C*C 
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stretching  and  =CH-  wagging  respectively  and  compare  well  with 
an  authentic  IR  spectrum  for  a-methyl styrene. 
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FIGURE  3.  Olefin  forma -Ion  demonstrated  by  FT-IR. 

DIFFERENTIAL  SCANNING  CALORIMETRY.  As  mentioned  earlier 
In  the  Introduction,  the  phase  separation  In  the  polyurethane 
elastomers  can  be  promoted  by  the  Incorporation  of  urea 
linkages.  Both  mechanical  and  thermal  properties  of  the 
polyurethanes  could  be  affected  dramatically  by  phase  mixing. 
Interaction  between  soft  and  hard  segments  can  Increase  the 
glass  transition  temperature  (T  )  of  the  soft  segment  and 
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decrease  the  T  of  the  hard  segment.  The  degree  of  phase 
mixing  is  indicated  by  this  shift  of  transition  temperatures 
toward  intermediate  values.  Both  qualitative  and  quantitative 
evaluation  of  the  degree  of  phase  separation  can  be  obtained  by 
differential  scanning  calorimetry  (DSC)  (11,24).  Table  4 
presents  a  summary  of  the  low  temperature  DSC  results  for  the 
segmented  PEUU  copolymers. 

TABLE  4 

LOW  TEMPERATURE  BEHAVIOR  OF  POLYETHER-URETHANEUREAS 


SAMPLE  DESCRIPTION 

from 

to 

^9 

“C 

Tc 

•c 

“C 

PTMO- 2000- MDI-23-CA 

-83 

-61 

-75.2 

-43.1 

2.5 

PTHO-2000-MDI-31-CA 

,  -86 

-62 

-74.7 

-34.1 

3.5 

PTH0-2000-M0I-41-CA 

-84 

-54 

-72.0 

-35.1 

11.7 

PTM0-2000-H0I-31-DCA 

-89 

-57 

-73.7 

-35.7 

8.8 

PTMO- 1000- MDI-31-0CA 

-59 

-29 

-47.9 

— 

m 

PTMO-  650-M0I-31-0CA 

-58 

-19 

-38.3 

PTMO- 2000 

— 

— 

-78.0 

— 

24®, 27*’ 

PTMO- 1000 

— 

— 

-82.0 

*28,37 

PTMO-  650 

— 

— 

-84.0 

— 

23,36 

PTM0-2000-M0I-B0-31 

(ESTANE^”) 

-64 

-29 

-49.0 

*  a.  metastable  melting  point 
b.  equilibrium  melting  point 


The  low  temperature  thermograms  contain  the  transitions 
associated  with  the  soft  segments  are  presented  in  Figures  4 
and  5.  The  thermograms  in  Figure  4  show  the  low  temperature 
transitions  indicated  by  various  copolymers  with  different  PTMO 
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FIGURE  4.  Low- temperature  DSC  curves  of  the  PEUU's  with 
different  soft  segment  lengths. 


molecular  weight  but  the  same  hard  segment  content.  For  PTMO- 
2000  based  PEUU,  the  soft  segment  glass  transition  occurs  at 
-75*0  and  Is  followed  by  an  In  situ  crystallization  exotherm 
near  -40*C  and  melting  endotherm  at  about  10*C. 

Crystallization  and  melting  transitions  were  not  observed  for 
the  lower  soft  segment  molecular  weight  based  materials.  For 
PEUU  samples  with  650  and  1000  molecular  weight  PTMO,  the  T 
was  observed  at  -38  and  -48°C  respectively.  These  T  's  are^ 
substantially  higher  than  the  glass  temperatures  reported  In 
Table  4  for  pure  PTMO  oligomers  (-84  and  -82'’C  respectively). 
This  Indicates  either  a  significant  amount  of  Interfaclal 
mixing  or  an  existence  of  mixed  hard  segments  In  the  soft 
segment  matrix  of  these  materials,  the  extent  of  which  Is 
likely  determined  by  the  amount  and  length  of  both  segments. 

In  addition,  the  anchoring  of  soft  segments  at  the  phase 
boundaries  of  a  domain  structure  would  also  raise  the  T  due  to 
the  restrictions  Imposed  by  the  coupling  at  the  Interface.  The 
width  of  the  glass  transition  zone  Is  also  longer  for  low  soft 
segment  molecular  weight  based  copolymer  suggesting  a  higher 
degree  of  segment  mixing.  All  low  temperature  DSC  thermograms 
on  copolymers  with  2000  molecular  weight  PTMO  (see  Figure  5) 
Indicate  the  presence  of  crystallization  and  melting 
transitions,  following  the  glass  transition.  The  presence  of  a 
melting  endotherm  Is  observed  as  expected  by  virtue  of  the 
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FIGURE  5.  DSC  Thennograms  for  various  samples  with  different 
hard  segment  content. 


greater  molecular  weight  of  soft  segment  involved  and  that  the 
hard  segments  solubilization  in  the  soft  segment  matrix  is 
minimal.  The  crystallization  exotherm  is  thus  due  to  the  soft 
segment.  At  room  temperature,  these  segments  are  just  above 
their  melting  point  so  that  rapid  cooling  below  room 
temperature  is  effectively  a  melt  quench  to  an  amorphous  glassy 
state  below  T  .  When  reheated,  the  soft  segments  crystallize 
above  their  gtass  transition  temperature. 

From  Figure  5  and  Table  4,  the  melting  endotherms  in  these 
copolymers  are  observed  to  be  shifted  to  lower  temperatures  as 
the  hard  segment  content  is  decreased.  This  could  imply  that 
the  amount  of  hard  segments  present  in  the  soft  segment  matrix 
decreases  as  the  hard  segment  content  is  increased.  It  is 
important  to  note  that  the  hard  segment  sequence  length 
Increases  with  hard  segment  content  under  the  synthesis 
conditions  utilized. 
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DYNAMIC  MECHANICAL  PROPERTIES.  To  investigate  the 
composUlonal  dependence  of  the  local  scale  motion  as  well  as 
cooperative  segmental  motion  which  may  exist  in  these  segmented 
polyurethaneurea  copolymers,  dynamic  mechanical  spectra  were 
obtained.  It  was  also  of  interest  to  determine  the  mechanical 
and  thermal  properties  in  light  of  the  role  played  by  the 
variety  of  hydrogen  bonding  possibilities  in  these  materials. 
Figures  6  and  7  show  the  overall  dynamic  behavior  in  terms  of 
storage  modulus  (E')  and  loss  modulus  (E")  as  a  function  of 
temperature.  The  transitions  observed  by  dynamic  mechanical 
testing  are  in  good  agreement  with  DSC  results.  Figure  6 
demonstrates  the  effect  of  hard  segment  content  for  PTMO-2000 
based  polyurethaneureas.  A  rubbery  plateau,  from  the  E' 
curves,  is  observed  to  be  composition  dependent  and  extends  to 
200®C  for  23. 5X  hard  segment  'ontent  material  and  over  250®C 
for  the  sample  with  41X  hard  segment  content.  The  plateau 
modulus  also  Increased  upon  increasing  the  hard  segment  content 
in  the  sample.  An  increase  in  the  order  of  hard  domains  or  in 
hard  segment  content  results  in  the  formation  of  a  stiffen 
material  which  is  reflected  in  the  E'  behavior.  Interestingly, 
the  plateau  modulus  in  these  polyurethaneureas  is  nearly  one 
order  of  magnitude  higher  than  the  reported  for  a  MDI/ED  based 
PEUU  with  a  similar  hard  segment  content  (2). 


TEMPERATURE  TC) 


FIGURE  S.  Dynamic  mechanical  spectra.  Frequency  110  Hz. 
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The  secondary  loss  peak  near  -120®C  Is  designated  as  the  y 
relaxation.  This  peik  has  been  ascribed  to  the  short  chain 
nwtion  of  methylene  sequences  in  PTMO  soft  segment  (2).  The  y 
relaxation  temperatui^es  observed  in  these  copolymers  are  in 
excellent  agreement  vith  the  reported  value  (-120®)  at  the  same 
frequency  for  polyol jf in  systems.  This  indirectly  suggests 
that  the  degree  of  piase  separation  achieved  in  these 
copolymers  may  be  very  high.  This  is  expected  because  of  the 
highly  polar  nature  if  the  aromatic  urea  linkages  that  form  the 
hard  segments  in  these  copolymers. 

The  primary  relaxation  observed  near  -55®C  in  the  dynamic 
mechanical  spectra  at  110  Hz  for  these  copolymers  is  designated 
as  the  a  relaxation  and  has  been  assigned  to  the  glass 
transition  temperature  of  the  soft  segment  (2).  On  the  high 
temperature  side  of  the  a  peak*  a  mechanical  dispersion  is 
indicated  as  a  shoulder  near  0®C.  This  transition  is 
designated  as  a  and  is  related  to  the  melting  of  crystalline 
for  the  PTMO  sort  segments. 

The  existence  of  5  relaxations  in  dynamic  mechanical 
behavior  has  been  observed  for  conventional  MDI/BD  based 
polyurethanes,  and  s^own  to  be  associated  with  the  hard 
segments  of  the  copolymer  (25).  The  high  temperature 
relaxation  near  200®C  in  the  dynamic  mechanical  spectra  has 
been  attributed  to  the  melting  of  the  hard  segment 
microcrystallites  with  urea  linkages  and  this  dispersion  is 
designated  as  6.  An  endotherm  at  these  temperatures  was  also 
observed  by  DSC.  The  melting  point  of  the  poly-MDI-urea 
control  is  about  375®C  as  described  in  the  experimental 
section,  although  we  are  not  certain  that  this  represents  the 
value  associated  with  very  high  molecular  weight  components. 

Figure  7  shows  the  dynamic  mechanical  behavior  of 
segmented  PEUU's  as  a  function  of  the  PTMO  molecular  weight. 

The  results  Indicatei  that  the  a  transition  shifts  to  a  lower 
temperature  as  the  ntolecular  weight  of  the  PTMO  soft  segments 
is  increased.  This  shift  can  be  explained  on  the  basis  of  a 
longer,  more  ordereo  and  well  defined  domain  structure  which 
results  when  the  molecular  weight  of  the  PTMO  is  Increased  at 
constant  hard  segment  content.  PTMO-650  and  PTMO- 1000  based 
PEUU,  the  0  relaxaltion  was  not  observed.  The  higher  hard/soft 
segment  mixing  present  is  these  systems  may  prevent  the 
crystallization  of  the  soft  segments.  The  y  relaxations  appear 
to  be  molecular  weiqht  dependent  as  they  shift  to  low 
temperatures  for  high  molecular  weight  PTMO  based  PEUU's  of  the 
same  hard  segment  content.  This  may  indicate  a  higher  degree 
of  phase  mixing  as  ihe  molecular  weight  of  the  PTMO  soft 
segment  is  lowered  for  the  same  hard  segment  content. 
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FIGURE  7.  Dynamic  mechanical  spectra.  Frequency  llO  Hz. 


The  length  and  extent  of  the  rubbery  plateau  Is  also  shown 
to  depend  on  the  molecular  weight  of  the  PTMO  soft  segment. 

The  plateau  modulus  is  higher  for  samples  wnere  PTMO-2000  is 
utilized  as  compared  to  samples  where  the  soft  segment 
molecular  weight  is  lower.  For  PTM0-20(X)  based  copolymers, 
better  phase  separation  is  obtained  and  enhanced  physical 
cross-linking  and/or  filler  effects  dominate  the  properties. 
Additionally,  for  samples  with  the  same  hard  segment  content, 
the  concentration  of  urea  groups  is  higher  ""or  samples  with 
higher  PTMO  molecular  weight  as  shown  in  Table  3.  This  higher 
coricentration  of  urea  groups,  provides  strong  hydrogen  bonding 
which  Improves  interdomain  cohesion. 

TENSILE  PROPERTIES.  The  engineering  stress-strain  curves 
for  segmented  MDI  based  PEUU's  are  shown  In  Figure  8  and  Figure 
9.  All  curves  are  shown  up  to  the  fracture  stress  of  the 
sample.  The  Young's  modulus,  ultimate  tensile  strength,  and 
ultWate  elongation  were  determined  from  these  results  and  are 
listed  in  Table  5  for  each  sample. 

In  Figure  8,  the  stress-strain  behavior  for  materials  with 
different  soft  segment  molecular  weight  but  t!;a  same  hard 
segment  content  are  shown.  The  results  Indicate  that  the 
Young's  modulus  and  the  tensile  strength  in  these  samples 
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FIGURE  8.  Stress-strain  curves  for  various  samples  Indicating 
the  dependence  on  the  soft  segment  molecular  weight. 


FIGURE  9:  Effect  of  the  hard  segment  contents  on  the  stress 
strain  behavior  of  the  PEUU's. 


TABLE  5 


MECHANICAL  PROPERTIES  OF  SEGMENTED  POLYURETHANEUREAS 


SAMPLE 

Ultimate  Tensile 
Strength,  MPa 

Modulus 

MPa 

Elongation 

% 

PTM0-2000-MDI-23-CA 

49.0 

15.1 

1000 

PTM0-2000-MDI-31-CA 

67.5 

17.6 

900 

PTM0-2000-MDI-41-CA 

59.0 

104.5 

600 

PTM0-2000-MDI-31-DCA 

59.0 

11.4 

1000 

PTM0-1000-MDI-31-DCA 

40.5 

9.3 

1100 

PTMO-  650-MDI-31-DCA 

17.5 

6.8 

1300 

PTM0-2000-MDI-B0-31 

41.0 

13.2 

1000 

increase  as  the  hard  segment  length  is  increased.  This  can  be 
explained  on  the  basis  of  the  increase  in  the  hard  segment 
length  necessary  to  maintain  the  same  hard  segment  content  with 
increasing  molecular  weight  of  the  soft  segments.  Increasing 
the  block  length  not  only  increases  the  aspect  ratio  of  the 
dispersed  hard  domains  but  also  leads  to  a  higher  degree  of 
order  in  the  hard  domain  since  this  results  in  more  urea 
linkages  per  hard  segment  unit.  Although  the  sample  PTMO-650- 
M0I-?1-DCA  has  a  higher  density  of  the  hard  segment  units,  the 
psendo  multifunctional  cross-links  formed  by  the  hard  domains 
are  shorter  and  likely  weaker.-  As  a  consequence  of  these 
poorly  defined  hard  domains,  the  sample  PTM0-650-MDI-31-DCA 
exhibits  lower  mechanical  strength. 

The  stress-stain  behavior  for  PEUU's  based  on  PTMO-2000 
with  varying  the  hard  segment  contents  is  shown  in  Figure  9. 

It  is  indicated  that  the  mechanical  response  of  these 
materials  is  strongly  affected  when  hard  segment  content  is 
raised  from  23. 5X  to  41X  by  weight.  The  observed  behavior  can 
be  explained  on  the  basis  of  the  introduction  of  a  higher 
volume  fraction  of  hard  segments  as  well  as  a  higher  degree  of 
order  in  the  hard  segment  domains.  The  higher  modulus  and 
tensile  strength  with  increasing  hard  segment  content  in  these 
samples  is  also  consistent  with  their  greater  urea  content 
which  results  in  more  cohesive  hard  domains.  The  dotted  lines 
in  Figure  9  depict  the  Estane  control  (PTM0-2000-MDI-B0-31) 
which  has  no  urea  linkages  in  the  polymer  backbone.  This 
sample  shows  the  lowest  ultimate  tensile  strength.  Clearly, 
the  weaker  interdomain  second,  v  binding  forces  result 


23 


In  less  cohesive  hard  domains,  poor  hard/soft  phase  separation 
and  may  limit  the  development  of  a  three  dimensional  hydrogen 
bonding  network. 

THERHOMECHANICAL  ANALYSIS.  The  penetrometer  mode  of 
thermomechanical  (TmA)  spectrum  was  obtained  for  these  PEUU's 
to  observe  the  transitions  associated  with  the  hard  and  soft 
segments.  Figure  10  compare  the  TMA  measurements  of  three 
representative  copolymers  with  different  hard  segment  content. 
The  primary  transition  near  -70®C  Is  ascribed  to  the  soft 
segment  glass  transition.  The  hard  segment  transition  Is 
Indicated  to  be  composition  dependent  and  varies  from  200  to 
250^C  as  the  hard  segment  content  Is  Increased  from  23.5  to  41t 
by  weight.  These  results  are  consistent  with  the  dynamic 
mechanical  data  as  shown  before.  One  significant  feature  of 
conventional  polyurethane  materials  (e.g.  Estane)  Is  that  they 
soften  at  relatively  low  temperatures,  about  100*C,  as 
expected.  By  contrast,  both  the  strength  and  the  service 
temperatures  have  been  dramatically  Improved  In  these  PEUU’s.. 


FIGURE  10.  Thermomechanical  penetration  curves  for  various 
samples  with  different  hard  segment  content. 
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The  TMA  response  Is  also  affected  when  the  molecular 
weight  of  soft  segment  is  varied  for  constant  hard  segment  (see 
Figure  11).  The  PTMO-2000  based  copolymer  shows  the  highest 
softening  temperature  while  PTMO-650  is  the  lowest. 

TOtrEMme  ("o 


•100  0  100  aoo  300 


FIGURE  11.  TMA  penetration  curves  of  the  PEUU's  with  different 
soft  segment  lengths. 


THERMOGRAVIMETRIC  ANALYSIS.  The  TGA  experiments  were  also 
conducted  in  order  to  investigate  whether  PEUU  basically  has  a 
higher  thermal  stability  than  the  polyurethanes.  The  results 
shown  in  Figure  12  demonstrate  that  PEUU  is  perhaps  about  30- 
40®C  more  thermally  stable  than  polyurethane  at  the  same  soft 
segment  molecular  weight  and  hard  segment  content  as  judged  by 
TGA.  Since  the  other  components  are  identical,  we  believe  this 
must  reflect  differences  between  the  butandiol  carbamates  and 
the  phenyl  urea  hard  segment  systems. 
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FIGURE  12.  TGA  curves  for  the  polyether-urethane-urea  and 
Estane. 


CONCLUSIONS 


A  new  route  to  urea  linked  polyurethane  systems  has  been 
Investigated.  It  has  been  shown  that  it  is  possible  to 
synthesize  novel  polyurethane  ureas  by  utilizing  the 
rearrangement  characteristics  of  carbamate-isocyanate 
interactions  at  a  sufficiently  high  temperature.  FT-IR  spectra 
show  the  urea  linkages  have  been  efficiently  Incorporated  into 
the  polymer  backbone.  From  the  spectroscopy  point  of  view, 
there  is  basically  no  difference  in  structure  between  mono-  and 
difunctional  tertiary  alcohol  chain  extended  PEUU's.  Thus, 
it  strongly  suggests  that  these  tertiary  alcohols  are  not 
directly  involved  in  the  chain  extension  step.  They  rather 
form  carbamates  with  Isocyanates  which  tend  to  dissociate  at 
high  temperatures  to  give  the  corresponding  amines.  The  phenyl 
substituted  carbamates  significantly  reduce  this  temperature, 
probably  by  stabilizing  the  intermediate  carbocation.  By  using 
this  approach,  the  hard  segment  in  the  copolymer  will  be 
totally  derived  from  the  d1 isocyanates. 

Good  agreement  with  dynamic  mechanical  measurements  was 
observed  for  DSC  results  as  well.  The  PEUU's  based  on  PTMO- 
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2000  exhibited  a  much  higher  upper  temperature  relaxation  than 
the  PEUU's  based  on  PTMO-1000  and  PTMO-650  or  the  control 
polyurethane.  This  Is  also  reflected  by  a  much  lower  soft 
segment  T  In  the  PEUU-2000  series.  This  has  no  doubt 
reflected^some  significant  differences  In  phase  separation  as 
well  as  possible  sequence  length  effect  In  the  hard  segment. 

The  mechanical  properties  were  observed  to  depend 
primarily  on  the  degree  of  order  In  the  hard  domains.  It  was 
shown  that  this  order  can  be  Improved  by  Increasing  either  the 
hard  segment  content  at  constant  molecular  weight  of  the  soft 
segment  or  soft  segment  molecular  weight  at  the  same  hard 
segment  content.  Both  approaches  Increase  the  concentration  of 
urea  linkages  In  the  PEUU's  and  hence  the  tensile  properties. 

At  comparable  hard  segment  content*  all  materials  Indicated 
superior  mechanical  strength  over  polyether- urethane  controls 
chain  extended  with  butanedlol. 
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SYNTHESIS  OF  BLOCK  COPOLYMERS  BY  GROUP  TRANSFER  POLYMERIZATION 
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Group  transfer  polymerization  (GTP)  is  a  powerful  method 
for  controlled  polymerization  of  acrylic  monomers  to  form 
living  polymers  using  organosilicon  initiators,  typically 
ketene  silyl  acetals  such  as  (Me)2C  =  C(OMe)  (0SiMe2). 
Polymers  with  predetermined  molecular  weights  as  high  as 
100,000  and  with  narrow  dispersivity  have  been  obtained  by 
adjusting  the  monomer/initiator  ratio.  Because  GPT  gives 
living  polymers,  block  copolymers  with  control  led  block  size 
can  be  made  by  simply  changing  the  monomer  feed.  Thus,  GTP 
provides  the  means  for  controlled  design  of  block  copolymers 
for  evaluation  as  elastomers,  compatibilizers,  adhesives,  and 
as  components  of  high  performance  finishes. 


APPLICATION  OF  SOLID  STATE  nMR  SPECTROSCOPY  TO 
SDLFDR  VULCANIZED  NATURAL  RUBBER 
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introduction 

Over  140  years  have  patted  since  the  initial 
discovery  of  salfnr  vulcanization  of  natural 
rubber  (NR)  by  Charles  Goodyear  and  Thomas 
Hancock.  Because  of  the  many  end  uses  of  rubber 
vu Ic an  i  z a t 0 s ,  the  components  in  the  curing  mixture 
have  changed  to  produce  finished  products  with 
good  physical  and  mechanical  properties  with  much 
shorter  cure  times  than  the  original  inefficient 
recipe  containing  only  sulfur  and  NR. 

The  vast  range  of  properties  that  can  be 
produced  with  cured  NR  is  due  to  the  structural 
variations  of  the  crosslinked  network  arising  from 
the  variety  of  chemical  reactions  that  can  occur 
during  the  curing  process.  These  reactions 
produce  a  variety  of  alkyl-alkenyl  type  of 
structures,  such  as; 
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(polysnl f ide .  disnlfide,  monosulfide,  cyclic 
snlfide,  pendent  sulfide,  end  conjugsted  diene  and 
trienes).  The  alkenyl  groups  (and  alkyl)  are 
designated  as  follows: 


-  CH  CH  - 
t  2 

»c,  t 


-H^C 


A  ^”2 

CH 


(  t  Indicates  the  point  of  attachment  of  sulfur) 
(1-4),  The  researchers  at  the  MRPRA  (formally 
NRPRA)  have  used  model  olefin  compounds  to 
elucidate  the  products  .  and  reaction  pathways 
involved  in  sulfur  vulcanization.  These  results 
suggested  that  at  least  two  different  mechanisms 
are  responsible  for  nnaccelerated  and  accelerated 
sulfur  vulcanization  of  natural  rubber  a  free 
radical  mechanism  (1,5,6)  and  a  polar  mechanism 
(1,7).  Additional  complexities  in  the  structure 
are  introduced  by  the  desulfurization  reactions 
(conversion  of  polysnlfides  to  lower  sulfides) 
(5,6,8). 

The  use  of  sulfur  to  cure  NR  is  an  inefficient 
(requiring  45-55  sulfur  atoms  per  cross-link) 
curing  process  (9)  and  tends  to  produce  a  large 
portion  of  cyclic  and  polysulfides  structures.  To 
overcome  this  problem,  conventional,  semiefficient 
and  efficient  cure  recipes  were  developed  that 
produce  a  higher  ratio  of  mono-  and  disulfidic 
cross-linked  structures  (4). 
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Even  thongh  these  systems  stake  more  efficient 
nse  of  snlfnr,  they  can  snffer  similar  maturing 
reactions  as  found  with  sulfur  cured  NR.  It  has 
been  observed  in  some  instances,  that  the  modulns 
and  the  cross-link  density  goes  through  a  maximum 
and  continues  to  decrease  with  additional  cure 
times  (the  loss  of  network  strncture  by  non- 
oxidntive  thermal  aging).  This  process,  which  can 
occur  in  addition  to  the  maturing  reactions,  is 
known  as  reversion  (1,10,11).  Reversion  occurs 
when  the  desulfurization  reactions  are  faster  than 
the  crosslink ing  reactions  (12,13).  The 
researchers  at  the  MRPRA  have  divided  these  snlfnr 
maturing  reactions  into  two  categories,  see  Figure 
1.  The  left  side  is  the  desulfurization  of 


EiGSRE _ The  cross-linking  and  cross-link 

decomposition  scheme  for  natural  rubber 

vulcanizations. 
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polysnlfidos  to  di-  and  aonosnlfidic  cross-links. 
This  pathway  has  been  shown  to  be  affected  by  the 
Zn-accelerator  complex  (fonnd  in  accelerated 
snlfnr  vulcanizations  mixes).  The  other  routes 
are  characterized  as  thermal  decomposition,  where 
the  cross-links  and  the  sulfuration  species 
decompose  into  conjugated  species,  cyclic 
sulfides,  shorter  sulfur  cross-links  and  main 
chain  modification  (14).  Chen  et  al.,  (15)  have 
shown  that  for  certain  accelerated  sulfur  cured 
systems,  the.  reversion  process  is  accompanied  by 
the  formation  of  a  trans  butadiene-like  structure, 
in  addition  to  formation  of  txienes  and  cyclic 
sulfides.  In  this  paper,  we  have  studied  by  solid 

state  NNR,  a  series  of  sulfur  cured  NR 

(accelerated  and  unaccelerated )  in  search  of  the 
structural  changes  that  occur  during  curing  and  in 
the  desulfurization  reactions. 

EXPERIMENTAL 

Samp  1 e _ Or i a  in _ and _ Preparation.  ,  The  natural 

rubber  used  had  a  technical  classification  of 
SNR-5.  The  compounded  natural  rubber  samples  were 
prepared  by  mixing  the  different  ingredients  in  a 
Brabender  nixing  head.  The  temperature  was 

controlled  at  80°C  and  the  nixing  blades  at  40  RPN 

for  15  minutes  with  virgin  rubber  and  an 
additional  10  minutes  with  the  ingredients,  see 
Table  1.  The  same  compounding  conditions  were 

Table  1 

COMPOSITION  OF  THE  NATURAL  RUBBER  MIXES 


Parts  weight  (phr) 

A 

B 

c 

D 

E 

Natural  rubber  (SMR-5) 

100 

100 

100 

100 

100 

Sulfur  (insoluble) 

10 

- 

2 

4 

TMTD 

- 

10 

io 

MOR 

- 

- 

- 

0.8 

0.8 

Zinc  Oxide 

- 

- 

10 

2.5 

2.5 

Sterlc  Acid 

■ 

• 

2.5 

2.5 

phr  =•  parts  per  hundred 
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used  for  all  mizingt.  After  Boxing,  the  samples 
were  stored  in  screwcap  bottles  and  placed  in  a 
refrigerator  until  needed.  Two  different 
accelerators  were  chosen  becanse  of  their 
practical  importance  in  the  rubber  Industry. 
Te t r ame t hy 1 t h iu r i am  disnlfide,  (TMTD)  on  ultrafast 
curing  agent,  and  S>-oxy  d  i  e  t  hy  1  ene-2-b  e  nzo  t  h  i  o  1 
snlfenamide,  (MOR)  a  delayed  reaction 
accelerator.  Both  sere  obtained  from  Monsanto 
Industrial  Chemical  Company  and  used  as  received. 
Stearic  acid  was  obtained  from  Aldrich  Chemical 
Company  and  used  as  supplied. 

The  samples  were  cured  in  a  template  that  gave 
specimens  of  0.010  inch  thickness.  The  template 
and  samples  were  placed  in  a  platen  press  at  a 
pressure  of  20.000  Ibs/in^  and  heated  for  varying 
times  (5,  lO.  15.  30,  45,  60,  90  minutes)  and 
temperatures  (120,  130,  140,  and  150*^0. 

For  the  equilibrium  swelling  measurements,  0.1 
gm  of  rubber  vulcanizate  was  placed  in  a  stoppered 
glass  vial  containing  benzene  for  48  hours.  The 
samples  were  removed,  blotted  dry  with  a  paper 
towel,  placed  in  clean  stoppered  vials  and 
weighed.  The  samples  were  air  dried  for  72  hours 


and  then 
network 
uptake  . 

r ewe ighed 
gel  and 

to 

the 

obtain 

amount 

the 
0  f 

weight 

swelling 

of  the 
solvent 

Calculation  of 

the 

Degree 

0  f 

Cross- 

1  inking . 

The  modified  Flory-Rehner  equilibrium  swelling 
equation  (16)  was  used  to  determine  the  network 
chain  density  following  the  method  of  Shelton  and 
McDonald  (17)  and  Adams  and  Johns'^n  (18): 

. .  i-  -C’" 

'>rV''r  - 

V  >  network  chain  density  per  gram  of  rubber 
Me  ■  molecular  weight  between  c’'osslinks 
Vr  ■  volume  fraction  rubber  in  the  swollen 
vulcanizate 

X  ~  Bnggins  interaction  constant 
Pj  ■  density  of  rubber 
Vo  »  molar  volume  of  the  solvent 
p  g  -  density  of  the  solvent 
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The  volume  fractions,  Vr,  was  calculated  from 
the  reciprocal  of  the. degree  of  swelling: 


Vr  *  1/[1+Q) 

(wt.  of  sol.  in  network]  Pr 

where  Q=  _ _ _ _ 

[wt .  of  network]  Ps 


The  weight  of  the  network  was  corrected  for 
the  sol  component.  The  values  of  .the  constants 
used  In  the  above  calculation  were:  pr==0.915 
gm/cc  (NR)  ps  =  0.879  gm/cc  (benzene)  V(,  =  89.40 
cc/mole  x=0.^2  (NR)  (19-22). 

Fourier  Transform  _ So i,^d _ S^ a.t e _ NMR ,  The 

spectra  were  recorded  on  a  nicolet  Technology 
NT-150  spectrometer  operating  at  38  MRz  equipped 
with  a  cross  polarization  (CP)  accessory  for 
sensitivity  enhancement  (23),  Rad io- f r equency 
amp lifiers  were  adjusted  to  satisfy  the 
Ra r tmann-Hahn  conditions  between  53-67  kHz  rf 
(24).  The  high  power  proton  decoupling  fields 
were  the  same  as  the  spin  lock  fields.  Contact 
times  between  1-1.5  msec.  and  a  delay  between 
poises  of  2  seconds  were  used.  In  the  CP 
experiment  5-6K  transients  were  accumulated.  The 
vulcanized  samples  were  packed  into  hollow  Beams- 
Andrews  rotors  (24,  26)  which  were  spun  at  speeds 
between  2. 1-3. 5  KHz.  The  rotors  were  machined  out 
of  polyoxymethylene  and/or  poly (chlorot r i f luro- 
ethylene).  The  magic  angle  was  set  by  maximizing 
the  intensity  of  the  carbonyl  resonance  of 
glycine.  All  FID's  were  zero  filled  to  8K  data 
points.  Two  different  one  pulse  Bloch  decay 
experiments  were  used  to  probe  the  mobile  network 
domains.  Both  experiments  utilized  gated 
decoupling  (cff  during  the  delay  period).  One 
experiment  utilized  scalar  decoupling  (SD)  with  a 
5  second  delay  between  aquisitions  and  the  other 
dipolar  decoupling  (DD)  with  5-10  seconds  delay. 
500-5000  transients  were  accumulated  in  the  MAS/SD 
experiment  and  2-18K  transients  in  the  MAS/DD 
experiment.  All  experiments  utilized  quadrature 
detection  and  spin  temperature  alternation  (27). 
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RESULTS  AND  DISCUSSION 


In  order  to  monitor  the  ttrncturil  changes 
that  had  occnred  with  the  decomoos i t ion  and  de¬ 
sulfuration  reactions,  solid  state  ^  C  NMR  spectra 
were  obtained  for  the  samples  cured  at  150  degrees 
C.  The  spectra  obtained  by  the  MAS/SD  experiment 
for  the  10%  sulfur  cured  samples  are  shown  in 
Figure  2.  Some  of  the  expected  structural 
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FIGURE  2.  Stack  plots  of  10%  sulfur  cured  natural 
rubber,  different  times  of  cure.  b “bn t ad i e n e- 1 ik e 
species,  p =p o 1 y s u 1 f  i  d  i  c  cross-links  cured  at  150°C. 
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featnres  (28)  are  shown  in  Figure  3.  The  •**i*°“ 
aents  of  the  resonances  in  the  cross-linked  NR 
were  made  in  accordance  with  the  previous 
published  work  based  on  model  compounds  and 
semi-empirical  chemical  calculations  [29-34]. 
Figure  4  lists  the  shielding  effects  of  sulfur 
cross-iipks  in  natural  rubber  [311.  The  samples 
with  a  low  degree  of  cure  (A  ‘“d  B)  , bowed  five 
major  signals  at  135.4  (Cq) .  126.4  (  p)» 

(C,x.  27.7  (Cg).  and  24.7  ppm  (Ce).  corresponding 
to  the  carbon  atoms  in  the  cis-1.4  isoprene  unit 
as  shown  below: 


[-CH2-C(CH3)=CH-Ce2] 

Y  o  P  A 

Spectrum  B  shows  an  additional  resonance  signal  at 
57.6  ppm,  which  is  assigned  tb  polysulfidic  and 
vicinal  .  cross-links.  Some  of  the  intensity  of 
this  peak  may  arise  from  the  polypeptides  found  in 
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FIGURE _ 3.J.  Schematic  representation  of  different 

types  of  sulfur  cross-links. 
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FIGURE  _4.  The  listing  of  the  cross-link  types  and 
their  shielding  effect  on  the  carbon  of  attachnent. 


NR  (36,37).  A  shonlder  is  observed  on  the  high 
field  (21-18  ppm)  side  of  the  NR  methyl  resonance 
at  24  ppm  perhaps  due  to  additional  methyl  »roups 
at  cross-link  junctions  and  chain  ends  caused  by 
chain  scission.  In  the  olefinic  region  of  spectra 
(c-a)  a  new  signal  is  observed  to  occur  at  129.0 
ppm,  which  is  assigned  to  the  olefinic  methine 
carbons  of  a  trans  p o 1 ybu t ad i e ne- 1  ik e  structure 
which  is  formed  as  a  part  of  the  rever.ion,  see 
below: 

CH, 

I  3 

C  —  CH 
^  I  "5^ 

P. 
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Chen  al,.[15]  observed  an  PTIR  band  at  965 
cm  which  they  assigned  to  tran^-nethine  in  the 
above  strnctnre.  The  trans  b.ntadiene-1  ike 
resonance  intensity  reaches  a  BazinaB  and  then 
decreases  with  farther  care  tine,  see  spectra  ,  P 
and  G.  This  altinate  decrease  indicates  attack  at 
the  batadiene-1 ike  oTefinic  doable  bonds  and  hence 
loss  of  ahsatnration.  With  the  appearance  of  the 
olefinic  butadiene-like  structure,  the  aliphatic 
region  begins  to  lose  spectral  resolution  due  to 
the  increase  in  cheBical  shift  dispersion  and  line 
broadening  due  to  changes  in  Bolecular  notion. 
The  cheaical  shift  dispersion  is  a  result  of  the 
generation  of  new  carbon  species  due  to  cross-link 
fornation,  desulfuration  and  theraal  decoapo s i t ion 
of  po ly fane t iona 1  sulfide  units.  The  shoulders  on 
the  Cy  NR  resonance  (33  ppm)  contain  resonances 
due  to  aonosulfidic  (47  ppa)  and  cyclic  mono-  and 
disulfides  (30-33  ppa)  that  occur  upon  network 
decoapos i t ion  (28).  The  shoulders  on  the  high 
field  side  of  the  Cg  carbon  (24  ppa)  assigned  to 
aethyl  groups,  are  observed  to  increase  in  spectra 
c  to  g.  These  aethyl  groups  are  formed,  by  the 
attack  of  the  sulfarating  species  at  the 
quaternary  olefinic  carbon  and  produced  upon  main 
chalnscisslon. 

By  using  the  HAS/SD  NMR  data  with  the  swelling 
data  (Figure  S),  the  changes  in  the  swelling 
curves  can  be  related  to  the  structural  aodifi- 
catious  observed  by  NMR.  The  increase  in  the 
swell  data  (ISO  swelling  curve)  is  shown  to 
occur  with  the  appearance  of  the  resonance  line  at 
130  ppa.  This  is  further  depicted  in  Table  2 
where  network  chain  density  and  molecular  weight 
between  cross'links,  obtained  by  the  Flory-Rehner 
equilibriua  swelling  equation  are  listed.  The 
Bolecular  weights  between  cross-links  decrease  by 
an  order  of  aagnitude  in  curing  froa  5  minutes  to 
90  minutes  at  120*’C  and  likewise  in  going  from  120 
to  150°C  at  5  minutes. 

It  is  very  tempting  to  try  to  measure  the 
fractions  of  each  of  the  network  structures  by 
quantitatively  aeasuring  the  relative  areas  of  the 
well  resolved  resonances  present  in  the  MAS/SD 
spectra  .  One  must  be  cautious  in  this  endeavor 
for  Ford  e^  il.  (38,  39)  have  shown  that  cross- 
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EIG D RE_^ j.  Plot  of  swell  ratio  versus  time  of  cure. 


linked  polymers  are  h  e  t  erog  eneon  s  and  ;a  1 1  carbons 
are  not  observed  even  with  the  additional!  motional 
freedom  imparted  by  solvent  swelling  'of  the  gel. 
Koenig  et.  al_.  (35,36)  have  shown  that  not  all  of 
the  carbons  of  a  benzene  swollen,  perozide-cnred 
NK  are  observed  by  a  MAS/SO  experiment  which  only 
detects  mobile  species.  With  this  in  mind  we 
obtained  the  CP/MAS/DD  spectra  of  the  sinlfnr  cured 
samples  since  the  CP  /MAS/DD  ezpeiriment  is 
sensitive  to  rigid  species  in  the  network. 

Typical  spectra  obtained  by  the  CP/MAS/DD 
experiments  are  shown  in  Figure  6.  Ihe  spectra 
indicate  that  there  is  an  abundance  of  rigid 
network  species  that  experience  strong  dipolar 
coupling  and  hence  short  cross  relaxation  times. 
Because  we  have  strongly  coupled  species  we  are 
able  to  observe  CP  spectra.  A  weak  broad  resonance 
is  observed  between  160-170  ppm.  Tbit  resonance 
is  due  to  carbonyl  groups  of  acid  and  aldehyde 
species.  These  species  were  formed  by  oxidation 
during  the  vulcanization  process.  It  is  observed 
that  these  resonances  do  not  appear  in  :  the  MAS/SD 
spectra.  The  carbon  resonance  at  135.9  ppm  is 
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FIGURE  6.  Stack  plot  of  CP/MAS/DD  spectra  of  10% 
snlfar  cared  150®C  p =po 1 y su 1 f i d  i  c ,  v”vicinal, 
m^mono sa 1 f  i  d e s ,  other  species  can  contribute  to 
these  resonance,  see  text. 


assigned  to  the  olefinic  quaternary  carbon  and  the 
126.3  ppa  resonance  is  assigned  to  the  olefinic 
aiethine  carbon.  The  appearance  of  the  resonance 
dne  to  the  trans  bn t ad i ene- 1 ik e  species  at  129.6 
ppm  is  observed  in  the  CP/MAS/DD  experiaent,  see 
spectra  c-g.  The  shoulder  on  the  major  olefinic 
carbon  resonance  (136  ppm)  indicates  the  presence 
of  other  types  of  olefinic  carbons. 


Unlike  the  MAS/SD  spectra  where  only  one 
resonance  (57.6  ppa)  was  observed  between  90-50 
ppai,  the  CP/MAS/DD  spectra  show  at  least  four 
resonances  in  the  same  region.  The  observed 
chemical  shifts  for  these  resonances  are  82.7, 
76.3,  67.8,  and  57.9  ppm.  The  three  lowest  field 
resonances  would  normally  bo  assigned  to 
perozides-hydroperoxides,  alcohols  and  epoxy 
groups,  which  are  formed  during  oxidation  (40); 
Other  possibilities  need  to  be  considered,  for  we 
calculate  chemical  shifts  between  55  to  73  ppm  for 
polysul f id ic ,  disulfidic,  and  vicinal  cross-linked 
species,  ns  lag  the  .  shield ing  effects  given  in 
Figure  4..  This  distribution  in  chemical  shifts 
comes  about  because  of  the  five  isomeric  alkenyl 
species  available  tor  attack  in  the  polyisoprene 
molecule,  see  below: 

b  ' 

CH, 

CH2  \h  - 

c  a 

The  positions  are  the  three  u-carbon  atoms  allylic 
to  the  double  bond.  Their  isoallylic  counterparts 
are  shown  in  the  A2  end  B2  alkenyl  groups.  We 
calculated  chemical  shifts  for  the  allylic  and  the 
isoallylic  carbon  atoms  bearing  the  series  of 
cross-linked  functionalities  shown  in  figure  3. 
The  specific  shielding  effect  was  added  to  the 
observed  chemical  shift  of  the  carbon  in  virgin  NR 
and  the  chemical  shift  of  the  alkyl,  ’  function  was 
calculated  according  to  MacDonald  (33).  From  this 
we  found  that  isoallylic  pendant  thiol  groups, 
allylic  disulfides  (position  c),  allylic  poly¬ 
sulfides  (position  a),  and  vicinal  cross-links 
(x22)  were  calculated  to  resonate  at  56  +  2  ppm. 

We  had  assigned  the  resonance  at  57.8  ppm  to  poly 
and  vicinal  sulfides  with  the  possibility  of  other 
species  contributing  due  to  its  broad  line  shane. 
It  has  been  shown  lately  by  Zaper  ot^  ll.  (^2)  , 
that  raising  the  temperature  of  the  sample  to  80°C 
in  a  variable  temperature  probe,  that  the 
resonance  at  57  ppm  splits  into  three  peaks.  In 
order  to  make  a  more  definitive  assignment,  model 
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cpapoands  of  the  robber  analogs  with  the  various 
sulfidic  crosslinks  are  needed.  The  resonance  at 
68  ppa  can  be  assigned  to  isoallylic  vicinal  (x>2) 
and  isoallylic  p o 1 y s n 1 f id e s .  Of  the  strnctnral 
conbinations  considered,  no  species  produced  a 
cheaical  shift  in  the  82  ppa  range.  Therefore  the 
resonance  lines  in  the  58  to  82  ppa  region  are 
postulated  as  due  to  oxygenated  and  sulfidic 
cross~linked  species. 

The  resonance  between  40-45  ppm  is  assigned  to 
allylic  and  isoallylic  mono sn 1 f  i  d e s  ,  allylie  thiol 
groups,  and  methylene  carbons  8  to  the  sulfur 
cross-link  carbon.  The  methyl  resonance  at  14  ppm 
is  assigned  to  methyl  groups  at  cross-link 
Junctions  and  end  groups  formed  by  chain 
scission.  As  we  go  from  spectrum  a  to  g  the 
resonance  at  30-33  ppm  grows  due  to  the  formation 
of  cyclic  species.  The  resonance  at  30.7  ppm  can 
have  contributions  from  y-methylenes  in  the 
cis-trans  isomerized  species. 

In  Figure  7,  the  r e so lu t ion  enhanc ed  spectra 


Resolution  (CP/MAS/DD)  enhanced  spectra 
of  10%  cured  NR.  A,  cured  90  minutes,  B,  cured  30 
minutes,  B>=bu  t  ad  i  ene- 1  ik  e  species,  v"vicinal, 
p  =  po 1 y su 1 f  id e s ,  m  =  mo no su 1 f  i d e s  . 


45 


of  »*mplet  cured  at  ISQOC  for  30  and  90  ainutes 
are  plotted.  The  different  spectral  features 
shown  by  the  two  spoctra  are  (1)  the  loss  in 
intensity  of  the  trans  polybutadiene-like 
resonance  at-  129  ppa<  (2)tho  increase  in  the 
coabination  band  due  to  aonosulfides  and  cyclic 
sulfides  (45  ppa),  and  (3)  the  increase  in  the 
intensity  of  the  aethyl  end  groups  (20-15  ppa). 
The  structural  coaplexity  found  for  unaccelerated 
sulfur  cured  Nft  is  consistent  with  the  foraation 
of  p  c>  1  y  sn  1  f  i  d  i  c  cross-links  which  later 

desalfnrite  to  aonosulfidic  links  and  the  theraal 
decoapos i t ion  of  the  allylic  sulfides  to  cyclic 
sulfides  and  conjugated  trlenes. 

In  Figure  8  the  spectra  are  shown  of  the  NR 
saaples  cured  90  ainutes  with  10%  sulfur,  obtained 
by  CP/MAil/DD  (curve  B)  and  CP-dipolar  dephasing 
(curve  /i).  The  CP-dipolar  dephasing  experiaent 
isolates  the  quaternary  carbons  which  do  not  decay 
through  the  proton  dipolar  dephasng  process  since 
they  ha^'e  no  bonded  protons..  The  dipolar 
dephaslnf;  delay  was  100  seconds.  In  spectrum  A 
the  olefinic  quaternary  carbon  resonance  remains 
at  136  pp®.  No  resonances  due  to  quaternary 
carbon-carboc  crosslinks  (43  ppm)  are  observed  in 
the  10%  sulfur  cured  sample.  The  four  resonances 
present  between  50-90  ppm  are  assigned  to 
qusternairy  cross-links  of  the  various  sulfur 

func  t  i onii . 

A  10<i  TMTD  cured  system  was  also  studied  that 
is  repo:rted  to  cure  by  a  free  radical  mechanism, 
see  TablJ  3.  In  Figure  9,  the  aliphatic  region  of 
the  NR  j  sample  cured  with  10%  TMTD  at  140°C  for  60 
ainutes  Js  plotted.  The  resonance  at  72  pp®  1* 
due  to  the  rotor.  The  truncated  resonances  are 
due  to  t  lio  methylenes  and  methyl  carbons  of  cis 
NR.  The  resonance  at  68  ppa  is  assigned  to 
Isoallylic  d..  sulfides,  isoallylic  vicinal  (x  =  l) 
cross-links. 

The  resonance  at  58  ppa  for  the  10%  TMTD  cured 
system  is  assigned  to  polysulfides  and  vicinal 
groups.  This  nay  seen  to  be  incousistent  with  the 
fact  that  TMTD  forms  primarily  mainly  monosnlfidic 
and  Jisulfldlc  crosslinks  in  NR.  However,  Ccleman 
(43>  has  shown  that  the  thermal  decoapos i t ion  of 
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FIGURE  8.  CP/MAS/DD  spectra  of  10%  tulfnr  cured 
NR.  Spectrum  B,  obtained  by  normal  CP  exp.. 
Spectrum  A,  dipolar  dephasing  experiment  tau 
delay  100  micro  s.  Resonances  assigned  to 
quaternary  carbons  with  attached  polyfunction 
cross-links. 


TABLE  3 

PROBABLE  MECHANISM  FOR  NATURAL  RUBBER  VULCANIZATION 


System 

Comment 

Unaccelerated  sulfur 

Mixed,  polar  and  free 

radical 

TMTD 

Free  Radical 

TMTD-ZnO 

Predominantly  polar 

Accelerated  sulfur 

Mixed,  polar  and  free 

radical 
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FIGURE  9.  The  MAS/DD  spectrnia  of  10%  cured  TMTD 
in  NR  at  150®C  for  1  hour.  m=>methyls,  c^cia-trans 
junctions  and  cyclics,  m=>monosu  1  f  ide  s , 
d°d i sul f idea ,  p=po ly sul f ides ,  e=trana-cis  junction. 


TMTD  can  form  polysulfidic  species.  Therefore,  it 
is  reasonable  to  expect  some  polysulfidic  cross¬ 
links  to  form  in  our  system.  The  resonances  at  S2 
ppm  and  45  ppm  have  been  assigned  to  di-  and 
monosnlfidic  cross-links  respectfully.  The 
resonances  at  41  and  17  ppm  are  due  to  trans  NR, 
formed  by  cis-trans  rearrangement.  Two  other 
resonances  at  38  (trans)  and  31  (cis)  ppm  are  due 
to  the  methylene  carbons  at  the  junction  of  the 
trans  and  cis  isomers.  The  two  methyl  resonances 
at  15  and  13  ppm  are  assigned  as  before.  A  weak 
resonance  at  21  ppm  is  assigned  to  methyl  groups 
attached  to  quaternary  carbons. 


Figure  10  it  the  trnnctted  tpectrua  of  10% 
TNTD  and  10%  ZnO  in  Nk  that  haa  been  cured  for  90 
■inntea  at  150°C.  Thia  formulation  ia  reported  to 
cure  NR  by  a  polar  mechanism.  The  only  additional 
reaonancea  that  we  obaerve  are  at  17  and  41  ppm 
and  are  due  to  trana  ppeciea. 

The  apectrnm  of  a  conventional  mix  of  NR  and 
additivea  cured  for  one  hour  at  150*^0  (formulation 
Ej  Table  1)  ia  ahown  in  Figure  11.  The 
croat-linhed  reaonancea  obaerved  have  been 
detected  in  the  tamplea  above  (anlfur  and  TMTD 
cured)  although  the  relative  intenaitiea  are 
different.  The  reaonancea  at  58  and  45  ppm  are 
aaaigned  to  poly.  vicinal.  and  monotul f idea . 
r e ap ec t fn 1 ly .  The  reaunance  at  41  ppm  haa  a 
thoulder  with  a  low  field  peak  aaaigned  to  allylic 
(A  type)  monoaulfidea  and  the  high  field  reaonance 
at  41  ppm  to  trana  methylene  carbona.  The 
reaonancea  at  31  ppm  have  been  ahown  to  be 
compoaed  of  two  components  when  a  line  broadening 


_ .AO*  The  NAS/DD  spectrum  of  10%  TMTD  +  10% 

ZnO  cured  Nr.  Cured  150°  hra.  .  irana 

species. 
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FIGUBI— .  Convention*!  cared 

(fotmnleUon  E)  cnred  1  » 

P«poly*olf ides,  d -d i sn 1 f  id e s  , 

c»cyclics  pins  cis-trsns,  ni=methyl. 


nttnrsl  rubber 
at  150OC. 


in=!Donosulfides, 


of  10  Ht  nss  used, 
to  c  i  8  methylene 
and  the  31  ppm  resonance 
methyl  resonances  are 
130  ppm  a  weak  signal  is 

the  t  r  *n*“bu  t  ad  i  e  ne'- 1  ike 

preliminary  CP/MAS/DD  spectrum 
time),  a  resonance 
detected  at  34  ppm 

the  MAS/SD  spectrum  by  the  methylene 
33  ppm.  I®  addition 
detected  at  123  ppm. 


The  shoulder  at  30  ppm  i*  doe 
carbons  at  cis-trans  junctions 
to  cyclic  specie*.  Four 
observed  above  20  ppm. 
observed  and  assigned 
species.  F  r om 

(5  msec 


At 
to 
a 

contact 


due  to 
This 


cyclic  sulfides  was 
resonance  is  masked  in 
resonance  at 
resonance  was 


a  now  olefinlc 


SUMMARY 


Snlfur  cared  NR  shows  a  complex  spectrum  hy 
solid  state  NMR.  Po 1 y f one t iona 1  sulfar 
cross-links  are  predominant.  The  t  r an  s 
po  ly,ba  t  ad  i  ene- 1  ike  resonance  at  129  ppm  forms  with 
reversion.  This  resonance  subsequently  decreases 
in  intensity  with  further  cure  due  to  attack  of 
the  olefinic  carbons.  The  conventional  cured 
sulfur  system  showed  poly  *nd  monosulfidic 
cross-links.  Cis-trans  rearrangement  was  observed 
to  occur  in  conventional.  TMTD,  and  TMTD/ZnO  cured 
systems.  Chaiu  scissions  are  observed  in  all 
cured  formulations.  Quantitative  measurements  of 
the  structural  components  of  these  networks  must 
await  farther  developments  in  technique. 
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NMR  STUDIES  OF  ELASTOMERS  IN  SOLUTION  AND  THE  SOLID  STATE 
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INTRODUCTION 

High  resolution  NMR  has  undergone  a  revolution  in  the 
last  ten  years  or  so.  The  ability  to  manipulate  spin  systems 
to  a  high  degree  in  the  pulse  FT  NMR  experiment,  coupled  with 
advances  in  NMR  computing  systems,  has  led  to  the  design  of 
many  multipulse  and  two-dimensional  (2-D)  NMR  experiments 
which  can  provide  considerably  more  information  than  a  stand¬ 
ard  spectrum.  In  addition,  experiments  to  obtain  high  reso¬ 
lution  NMR  spectra  of2Solid  materials  have  opened  a  whole  area 
of  chemistry  to  NMR.  The  new  interpretive  techniques  for 
spectra  obtained  in  solution  have  been  applied  to  synthetic 
polymers  or  polymer  chemicals  only  recently.  However,  the 
solid  state  methods  already  have  seen  wide  application  in  the 
polymer  area.  In  this  report  we  describe  some  work  from  our 
laboratory  employing  some  of  these  advanced  methods  in  both 
solution  and  the  solid  state.  This  is  not  meant  to  serve  as  a 
detailed  discussion  of  the  techniques  employed,  but  rather  as 
an  introduction  to  potential  applications  in  the  rubber  and 
polymer. industries. 


MATERIALS  AND  METHODS 


All  spectra  were  obtained  at  50.3  MHz  on  a  Bruker  VH-200 
FTNMR  spectrometer  equipped  with  an  Aspect  2000  RTC  retrofi| 
and  fastssyitching  decoupler.  This  includes  standard,  APT,^ 
and  DEPT^,’”  spectra.  For  the  spectra  obtained  on  solutions, 
10  mm  o.d.  tubes  were  used.  The  90”  rf  pulse  width  was  about 
20  US.  Composite  pulse  decoupling  (MLEV-16)'  was  used  in  most 
cases.  The  sulfur-cured  sample  was  obtained  by  curing  100 
parts  natural  rubber  with  8  parts  sulfur  and  5  parts  ZnO  for  6 
hrs  at  280®F.  For  the  vulcanized  rubbers,  a  sheet  of  rubber 
was  wound  into  cylindrical  shape  and  inserted  into  a  20  mm 
o.d.  NMR  tube.  The  center  was  then  filled  with  small  chunks 
of  the  same  rubber.  The  spectrum  was  obtained  at  about  90®C 
with  no  lock  solvent.  No  significant  broadening  of  the  spec¬ 
tral  lines  from  magnetic  field  drift  occurred  during  an  over¬ 
night  run.  Typical  conditions  for  the  bulk  rubbers  were: 
pulse  repetition  rate.  Is;  spectral  width,  13,513  Hz;  artifi¬ 
cial  line  broadening,  5  Hz;  90®  rf  pulse,  34-36  us,  using  a 
probe  designed  for  20  mm  tubes. 
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RESULTS  AND  DISCUSSION 


Application  of  Spectral-Editing  Techniques  to  Polymers 

13 

The  interpretation  of  the  C  spectra  of  organic  com¬ 
pounds  is  greatly  aided  by  techniques  to  determine  the  number 
of  hydrogens  attached  to  a  given  carbon  a^om.  In  the  past, 
single  frequency  off  resonance  decoupling,®  noise  off  reso¬ 
nance  decoupling,’  and  APT  (Attached  Proton  Test)^  have  been 
used  with  good  success.  The  effectSjOf  tacticity  and  comono¬ 
mer  sequences  can  produce  complex  u  spectra  for  polymers 
with  much  of  the  critical  information  unresolved.  Any  tech¬ 
nique  which  can  Improve  the  spectral  resolution  to  aid  in  peak 
assignments  or  quantitative  characterization  is  welcome.  In 
the  past  it  was  often  necessary  to  synthesize  copolymers  from 
isotopically  enriched  monomers  to  assign  complex  spectra.  In 
some  cases,  spectral-editing  techniques  can  provide  spectral 
simplification. 

A 

The  APT  technique  relies  on  the  variation  of  the  ampli¬ 
tude  and  phase  of  signals  in  spin-echo  '^C  spectra  due  to  CH 
coupling  when  the  decoupler  is  off.  The  pulse  sequence  is 
shown  in  Figure  lA.  The  technique  introduces  £  ISO”  phase 
shift  between  CH  and  CH.  carbons  on  the  one  hand,  and  CH.  and 
C  carbons  on  the  other.  Hence,  in  the  PTNHR  spectrum  one 
group  will  appear  inverted  relative  to  the  other  group. 


A)  9  180  190 

— Jl_L_  T  !fl 


B) 


Figure  1.  Two  NMR  multipulse  sequences.  A)  APT;  B)  DEPT. 


A  good  illustration  of  the  use  of  APT  is  provided  by  the 
spectra  in  Figure  2.  At  the  top  is  the  ^'^C  spectrum  of  a  low 
molecular  weight,  carboxyl- terminated  butadiene-acrylonitrile 
copolymer  (CTBN).  The  extensive  peak  multiplicity  is  due  to 
geometrical  isomerism  of  the  butadiene  units  (cis,  trans,  and 
vinyl)  coupled  with  copolymer  sequences  containing  acryloni- 


56 


trile»  and  end  group  peaks.  At  the  bottom  is  the  APT  spectrum. 
Based  on  the  APT  results,  a  number  of  resonances  from  the 
HO,C(CH,),C(CN)(CH,)-  end  groups  are  assigned  in  the  spectrum 
in^Pigure^2.  The  Arrows  indicate  peaks  which  would  be  diffi¬ 
cult,  to  assign  without  the  assistance  of  spectral  editing. 
However,  in  these  same  cases  there  is  some  overlap,  with  can¬ 
cellation  of  intensity  that  could  prevent  the  observation  of 
small,  hidden  peaks.  Hence,  although  APT  is  good  for  detect¬ 
ing  certain  interfering  combinations  (such  as  CH  with  CH^),  it 
suffers  from  unreliable  intensities  because  of  cancellation 
and  is  not  of  general  utility  for  separation  of  all  carbon 
types . 


Figure  2.  Normal  (top)  and  APT  (bottom)  spectra  of  a 
low-molecular  weight  carboxyl-terminated  butadiene-acryloni¬ 
trile  copolymer  (CTBN). 


For '  example',  in  a  study  of  a  series  of  vinyl  chloride- 
vlnylidone  chloride  (VC-VDC)  copolymers,  we  used  partially 
relaxed  and  APT  spectra  to  confirm  the  presence  o^Qseveral  CH- 
peaks  in  a  predominantly  CHCl  carbon  region.  Tentative 
assignments  were  made.  Unfortunately,  that  effort  was  of 
limited  success  because  the  overlap  was  so  extensive  that  peak 
cancellation  obscured  resonance  positions  and  intensities. 


A  spectral-editing  sequence  that  provides  unambiguous 
determination  of  carbon  multiplicities  is  the  Dlstortignless 
Enhancement  by  Polarization  Transfer  (DEPT)  sequence.  ’  We 
have  implemented  DEPT  in  our  laboratory  to  aid  in  interpreting 
spectra  of  complex  organic  compounds.  The  value  of  the  DEPT 
sequence  lies  in  its  ability  to  provide  relatively  clean  sub¬ 
spectra,  each  of  which  is  due  only  to  one  type  (CH^,  CH2,  CH) 
of  carbon. 
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The  method,  which  is  a  variation  of  the  INEPT  sequence 
for  sensitivity  enhancement,  relies  on  the  existence  of  a  re¬ 
solvable  spin-spin  coupling  between  two  nuclei,  one  of  which 
serves  as  the  polarization  source  for  the  ether.  The  polari¬ 
zation  source  is  usually  the  proton  while  or  is  the 
insensitive  nucleus  being  enhanced.  The  puls^  sequence 
for  the  J-coupled,  heteronuclear  system  of  C.and  is  shown 
in  Figure  IB.  The  behavior  of  the  and  u  spin  systems 
during  the  DEPT  sequence  is  complicated,  and  will  not  be  ex¬ 
plained  here.  Suffice  it  to  say  that  the  different  multiplets 
(CH,  CHj,  CH,)  behave  differently  during  the  sequence,  allow¬ 
ing  them  to  oe  separated  from  each  other  by  proper  pulse  com¬ 
binations.  The  pulse  0  is  set  to  45,  90,  or  135“  to  give 
three  spectra  which,  when  combined  properly,  give  the  three 
protonated  carbon  subspectra.  Any  carbons  unaccounted  for  by 
these  spectra  are  nonprotonated.  The  DEPT  sequence  has  sever¬ 
al  advantages.  It  allows  for  complete  editing;  it  is  insen¬ 
sitive  to  J;  and  it  is  less  sensitive  to  rf-pulse  inhomogene¬ 
ity  than  INEPT.  These  conditions  produce  more  reliable  inten¬ 
sities  than  INEPT.  The  DEPT  sequence  is  more  difficult  to  use 
than  previous  editing  techniques  in  that  three  spectra  must  be 
acquired  and  co-added  to  produce  the  final  result.  Usually 
some  slight  admixture  of  the  subspectra  is  seen  when  the  above 
procedure  is  used.  In  practice  it  is  necessary  to  determine 
additional  linear  combinations  to  produce  clean  subspectra. 
The  method  also  requires  careful  calibration  of  the  proton 
pulse  widths. 

DEPT  can  also  be  used  purely  for  resolution  enhancement 
by  separating  intensity  from  totally  overlapping  resonances 
for  different  carbon  types,  at  least  in  the  ideal  case. 

DEPT  techniqu^2  recently  been  applied  to  polymers.  ' 
Barron  et  al^'^  applied  the  method  to  copolymers  of  styrene 
with  maleic  anhydride  or  acrylonitrile.  The  information 
obtained  allowed  them  to  elucidate  more  fully  the  copolymeri¬ 
zation  mechanism.  These  authors  also  considered  the  use  of 
DEPT  for  quantitative  analysis.  They  concluded  that  quanti¬ 
tative  comparisons  of  peak  intensities  within  a  single  sub¬ 
spectrum  were  reliable,  but  that  comparisons  among  different 
subspectra  could  be^^n  error  for  several  reasons,  which  they 
discussed.  Newmark  examined  eight  commercial  copolymers  to 
ascertain  the  general  utility  of  the  technique,  as  well  as  the 
effect  of  spin-spin  relaxation  (T-)  behavior  on  the  quality  of 
the  DEPT  spectra. 

We  have  applied  DEPT  to  a  number  of  polymers  of  interest 
in  our  laboratory.  ^ne  example  is  styrene-butadiene  rubber 
(SBl).  Although  the  spectrum  of  SBR  is  complex,  many  peak 
assignments  have  been  made,  particularly  at  low  field.  How¬ 
ever,  many  of  the  resonances  are  closely  spaced,  even  at  50.3 
MHz,  preventing  unambiguous  assignments  in, -some  cases.  For 
example,  in  the  aliphatic  region  of  the  u  spectrum  of  a 
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high-styrene  SBR  (52Z  styrene)  shown  in  Figure  3,  it  is  diffi¬ 
cult  to  pick  out  the  peaks  due  to  styrene  blocks.  The  ex¬ 
pected  positions  based  on  the  spectrum  of  polystyrene  are 
shown  in  Figure  3.  It  is  important  to  know  the  amount  of 


QgPT  on  HIGH  STYRENE  SBR 


Figure  3.  Full  and  DEPT  spectra  of  a  high-styrene  SBR. 


blocked  styrene  since  this  parameter  will  affect  rubber  pro¬ 
perties.  The  DEPT  subspectra  provide  separation  of  these 
resonances  in  the  39  to  A3  ppm  region,  allowing  identification 
of  both  the  CH  and  CHj  peaks  due  to  block  styrene.  Both  of 
these  are  obscured  in  ^the  full  spectrum  by  resonances  due  to 
other  sequences.  The  CH  subspectrum  now  clearly  shows  the 
block  styrene  CH  at  40.5  to  41.5  ppm  along  with  other  CH  reso¬ 
nances  arising  from  vinyl  or  isolated  styrene  sequences  at  42 
to  46  ppm.  The  CHj  subspectrum  shows  the  block  styrene  CH2 
resonances  split  by^tactic  effects  from  41  to  45  ppm. 
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We  have  also  applied  DEPT  to  the  VC-VDC  copolymer  series 
examined  previously.  Figure  4  shows  the  DEPT  spectra  for  a 


DEPT  on  VC/VDC  COPOLYMER  (3I6%VDC) 
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Figure  4.  DEPT  spectra  of  a  vinyl  chloridc-vinylidene 
chloride  copolymer  with  31.6  molZ  vinylidene  chloride. 


VC-VDC  copolymer  with  about  32Z  VDC.  These  spectra  should  be 
compared  to  the  corresponding  unresolved  spectrum  in  Figure  2 
of  reference  10.  Obviously,  in  some  cases  there  was  total 
overlap  of  CH  and  CH-  carbon  intensity.  It  is  now  possible  to 
see  the  unresolved  CH-  resonances  quite  clearly  in  the  CH- 
subspectrum  along  with  a  greatly  simplified  CHCl  region  in  the 
CH  subspectrum.  The  high  degree  of  separation  is  indicated  by 
the  low  residual  intensities  of  the  CH-  peaks  in  the  CH  sub¬ 
spectrum,  and  vice  versa.  Figure  5  shows  the  subspectra  of 
CH-  resonances  for  the  entire  series  of  copolymers  with  some 
peak  assignments.  Obviously  the  DEPT  technique  has  provided  a 
greaJjin'PJ^ovement  in  our  ability  to  extract  information  from 
the  C  NMR  spectra  of  these  polymers.  Some  of  the  above 
assignments  are  still  tentative,  but  this  brief  study  has 
shown  that  DEPT  will  play  a  major  role  in  any  further  work  on 
this  system.  It  remains  to  expand  the  utility  of  DEPT  into 
quantitative  analysis  of  polymers. 

Solid  State  NMR  of  Elastomers 


^^e  development  of  NMR  techniques  to  obtain  high  resolu¬ 
tion  C  spectra  of  rigid  solids  has  understandably  led  to 
much  agt^vlty  on  glassy  and  crystalline  systems  in  recent 
years.  ’  j^owever,  it  is  possible  to  obtain  standard  high 
resolution  C  spectra  of  solid  polymers  well  above  their 
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glass  traasitlon  temperatures.  This  area  has  been  reviewed 
recently. 


80%VtX:  CtU  SUBSPECTRUM 
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Figure  5.  DEPT  CH-  subspectra  for  a  series  of  vinyl  chloride- 
vinylidene  chloride  copolymers. 

13 

High  resolution  C  spectra  of  solid  polymers  can  be 
obtained  in  two  ways  -  from  a  normal  single-pulse  free  induc¬ 
tion  decay  (FID)  ol^the  carbon  magnetization  as  in  FTNMR  of 
liquids  or  from  a  signal  derived  by  cross  polarisation 

with  neighboring  hydrogen  atoms.  In  both  cases,  magic  angle 
spinning  (MAS)  and  high  power  decoupling  can  be  used.  For 
crystalline  and  glassy  materials,  the  use  of  single-pulse 
FID'S  is  inefficient  due  to  the  long  carbon  spin-lattice-  re¬ 
laxation  times  (Tj's),  which  prevent  short  pulse  repetition 
times.  Cross  polarization  (CP)  gives  a  signal  up  to  four 
times  larger  than  this  and  circumvents  the  problem  of  long  "^C 
Tj's.  For  cross-polarized  spectra,  the  usually  much  shorter 
proton  T.'s  control  the  repetition  rate,  and  hence  faster 
pulsing  Is  allowed. 
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Elastomeric  systems  behave  differently.  Because  of  their 
much  greater  chain^mobility  relative  to  glassy  polymers,  elas¬ 
tomers  have  short  T^'s,  making  it  easier  to  acquire  satis¬ 
factory  FID'S.  Cross  polarization,  although  possible,  is  in¬ 
efficient  for  elastomers  because  the  static  dipolar  interac¬ 
tion,  which  is  necessary  for  efficient  cross  polarization,  is 
greatly  reduced  or  eliminated.  Figure  6  compares  the  spectra 
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Figure  6.  Solid  state  C  NMR  spectra  of  an  emulsion  SBR. 
The  top  spectrum  was  obtained  from  the  FID  using  dipolar  de¬ 
coupling  (DD)  and  MAS.  The  others  were  obtained  with  cross 
polarization  with  contact  time  indicated.  (Reprinted  from 
reference  16  with  permission.  Copyright  1983,  Rubber  Divi¬ 
sion,  ACS.) 
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of  an  emulsion  SBR  obtained  with  CP  at  three  typical  contact 
times  to  that  obtained  from  the  single  pulse  FID.  Although 
a  cross  polarized  spectrum  can  be  obtained  for  SBR  at  ambient 
temperature,  the  FID  yielded  a  much  better  spectrum  vith  re¬ 
gard  to  signal-to-noise  ratio  and  reliability  of  resonance  in¬ 
tensities.  Relative  peak. intensities  were  found  to  be  unreli¬ 
able  for  cross^polarized  spectra  of  SBF.  as  veil  as  various 
filled,  vulcanized  elastomeric  blends. 

No  systematic  study  has  been  performed  to  determine  the 
point,  relative  to  the  glass  transition  temperature,  at  which 
cross  polarization  is  more  efficient  than  standard  FTNMR. 
Vork  so  far  indicates  that  as  long  as  the  temperature  of  ob¬ 
servation  is  about  70®C  or  so  above  T  ,  FTNMR  will  be  prefer¬ 
red.  Hence  for  elastomers  cured  ^to  typical  low  levels, 
which  do  not  significantly  affect  T  ,  acquisition  of  the  nor¬ 
mal  FTNMR  spectrum  is  the  method  of  choice.  Vith  increasing 
crosslink  density,  a  point  will  eventually  be  reached. yVhere 
cross  polarization  will  be  the  more  efficient  approach. 

The  presence  cf  filler  can  broaden  the  lines  in  a  high 
resolution  NMR  spectrum  of  an  elastomer  beyond  those  seen  for 
the  pure  polymer.  This  broadening  can  arise  from  a  number  of 
sources  such  as  magnetic  susceptibility  differences  or  incom¬ 
plete  motional  narrowing  due  to  restriction  of  polymer  chain 
mobility  by  the  filler.  Resolution  can  be  enhanced  signifi¬ 
cantly  by  employing  MAS  in  the  standard  scalar  decoupled  (SD) 
or  dipolar  decoupled  (DD)  single  pulse  experiment.^  The  im¬ 
provement  is  sufficient  for  the  identification  and  quantifica¬ 
tion  of  the  elastomeric  components  in  simple,  filled  vulcani- 
zates.  Figure  7  shows  the  spectra  at  22. f  MHz  of  three  tire 
tread  compounds  containing  different  amounts  of  natural  rubber 
(NR)t  cis-polybutadiene  (BR),  and  emulsion  SBR.'^  Although 
the  spectra  are  not  of  the  quality  of  the  corresponding  solu¬ 
bilized  or  pyrolyzed  materials,  many  peaks  are  resolved.  This 
permits  easy  identification  of  most  elastomers  in  filled,  vul¬ 
canized  diblends  or  triblends.  Moreover,  quantitative  analy¬ 
sis  should  be  straightforward. 

Although  the  quality  of  the  results  in  Figure  7  is  suf¬ 
ficient  for  many  purposes,  there  are  a  number  of  problems. 
The  22.6  MHz  spectra  in  Figure  7  each  took  about  6  hours  or 
more  to  obtain,  and  because  of  certain  peak  overlaps  at  the 
low  static  magnetic  field,  a  correction  procedure  was  neces¬ 
sary  to  obtain  complete  quantitative  data.  In  addition,  the 
resolution  of  the  small  peaks  due  to  SBR  in  the  35-45  ppm 
region  is  nonexistent  or  poor.  This  is  even  true  for  pure 
SBR's,  as  illustrated  in  Figure  8.  Resolution  of  these  peaks 
is  necessary  to  distinguish  different  types  of  SBR's,  such  as 
solution  and  emulsion  SBR's.^^'^® 
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Figure  7 ■  Solid  state  NMR  spectra  of  three  filled,  vul- 
canized  NR/cis-BR/SBR  triblends.  A)  15/35/50  NR/BR/SBR;  B) 
25/25/50  NR/BR/SBR;  C)  35/15/50  NR/BR/SBR.  (Reprinted  with 
peraission  from  reference  16.  Copyright  1983,  Rubber  Divi¬ 
sion,  ACS.) 


Figure  8.  MAS  ^^C  NMR  spectra  of  bulk,  unfilled  SBR's.  Top: 
emulsion  SBR;  Bottom:  solution  SBR.  (Reprinted  with  permis¬ 
sion  from  reference  16.  Copyright  1983,  Rubber  Division, 
ACS.) 
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Instrumental  improvements  should  alleviate  the  above 
problems.  In  particular,  MAS  at  higher  magnetic  field  appears 
to  offer  substantial  improvement  in  both  resolution  and  sensi¬ 
tivity.  Conventional  wisdom  in  solid  state  NMR  says  that 
higher  magnetic  fields  will  not  improve  the  spectral  resolu¬ 
tion  in  CPMAS  NMR  to  a  significant  degree,  because  the  lines 
will  broaden  concomitantly.  However,  this  assumes  that  the 
line  broadening  is  due  to  an  isotropic  distribution  of  chemi¬ 
cal  shifts,  which  is  field  dependent  and  not  averaged  by  MAS. 
Although  this  is  probably  true  for  glassy  polymers,  it  is  not 
true  to  a  large  extent  for  rubbery  polymers,  where  this  dis¬ 
tribution  is  averaged  by  substantial  chain  mobility.  Bence, 
MAS  and  high  fields  should  improve  spectral  resolution  for 
elastomers.^  ’  This  has  been  demonstrated  for  SBR  (see 
spectra  55b  and  c  of  reference  19).  Improved  spectral  resolu¬ 
tion  will  allow  ready  identification  of  components  in  more 
complicated  filled  vulcanizates  and  make  quantitative  analysis 
easier. 

Of  course,  operating  at  higher  magnetic  field  will  also 
improve  the  sensitivity  of  the  experiment.  Coupling  this  with 
improved  MAS  probes  capable  of  handling  large  samples^  , 
analysis  time  should  be  reduced  to  an  hour  or  less. 

Sulfur  Vulcanization  of  Natural  Rubber 

Our  goal  is  to  study  the  sulfur  vulcanization  of  natural 
rubber  (NR)  by  examining  the  cured  rubber  itself  and  determin¬ 
ing  directly  the  structures  and  concentrations  of  the  various 
crosslinks  formed.  Ve  are  interested  in  both  the  number  of 
sulfur  atoms  in  a  crosslink  (sulfur  rank)  and  the  point  of 
attachment  to  the  polymer  chain.  Instrumental  advances  such 
as  more  sensitive  probes,  larger  sample  tubes. -and  higher  mag¬ 
netic  fields  have  brought  the  sensitivity  of  ^'^C  NMR  into  the 
rwge  where  crosslinks  at  levels  typical  of  vulcanized  rubbers 
may  be  observable. 

For  the'initial  work  reported  here  on  sulfur-vulcanized 
natural  rubber,  FID  acquisition  should  be  the  preferred  method 
of  signal  acquisition,  since  T  has  not  been  raised  signifi¬ 
cantly.  Ideally  we  would  like  To  employ  MAS  to  obtain  as  much 
line  narrowing  as  possible.  Unfortunately,  we  do  not  have  MAS 
capability,  high  magnetic  field,  and  large  sample  tubes  on  a 
single  instrument.  To  compensate  sbmewhat  for  not  having  MAS, 
we  perform  the  standard  FTNMR  experiment  on  unfilled  vulcani¬ 
zates.  at  elevated  temperature  to  provide  some  line  narrow¬ 
ing.^^ 


Our  knowledge  of  the  chemistry  of  unaccelerated  sulfur 
vulcanization  is  far  from  complete.  Much  of  what  is  known 
comes  frgg  j^ulcanization  studies  on  low-molecular-weight  model 
alkenes.  ’  However,  it  is  not  clear  how  well  the  models 
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actually  miniic  natural  rubber  as  far  as  vulcanization  is  con¬ 
cerned. 

Before  attempting  to  determine  the  distribution  and 
structures  of  the  various  crosslink^^^*'  typical  vulcanizates, 
it  is  proper  to  assess  hov  useful  *^0  NMR  can  be  under  ideal 
circumstances.  To  do  this  ve  first  examine  model  compounds  to 
determine  where  the  chemical  shifts  of  the  crosslink  sites 
will  occur,  and  hov  well  different  crosslink  structures  may  be 
resolved.  Table  1  gives  the  chemical  shifts  of  selected 
carbons  for  a  number  of  model  compounds  for  crosslink  sites  in 


TABLE  1 

SELECTED  NMR  CHEMICAL  SHIFTS  OF  SOME  ORGANOSULFUR 
COMPOUNDS® 


Carbon** 

Compound 

1 

2 

3 

(CH.,),S 

17.9 

(CH:j);ss 

22.1 

(CHpjSSS 

22.5 

33.9 

22.7 

13.0 

(c:^H')‘ss% 

41.2 

22.5 

13.0 

(C3H')2SSS*^ 

40.8 

22.0 

13.0 

32.3 

39.3 

38.9 

32.0 

32.0 

32.0 

l(CH-)^C),S 

45.6 

33.2 

((CH:i):^ci;ss 

45.6 

30.5 

((CH^)^C]2SSS 

48.4 

29.8 

®  Chemical  shifts  are  in  ppm  from  TMS.  They  are  taken  from  a 
variety  of  sources  via  the  INKA  (Information  System 
Karlsruhe)  NMR  data  base,  except  as  noted. 

Starting  at  the  carbon  bonded  to  sulfur. 

^  This  work. 

sulfur  vulcanization.  For  a  number  of  aliphatic  groups  a 
direct  comparison  can  be  made  among  the  chemical  shifts  for 
monosulf idle,  disulfidic,  and  trisulfidic  structures.  For  the 
most  part,  the  chemical  shift  of  the  <»-carbon  in  a  disulfide 
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is  about  7  ppm  dovnfield  of  that  due  to  the  corresponding 
monosulfide.  Hence  one  could  expect  to  resolve  monosulfidic 
and  disulfidic  crosslinks  of  the  same  chemical  type,  assuming 
there  are  no  other  interferences.  Exceptions  to  this  are  the 
di-tert-butyl  compounds,  where  the  monosulfidic  and  disulfidic 
compounds  have  essentially  the  same  chemical  shift  for  the 
OHcarbon.  Apparently  the  high  degree  of  branching  in  these 
compounds  results  in  this  exceptional  behavior. 

There  is  usually  little  difference  between  the  o-carbon 
chemical  shift  in  a  trisulfide  and  the  corresponding  disul¬ 
fide.  Typically  the  difference  is  about  one  ppm.  This  is  ^ot 
surprising  given  the  normal  effect  of  substituents  on 
chemical  shifts.  The  largest  difference  is  expected  between 
the  mono-  and  disulfidic^-linkages.  Given  the  line  widths 
usually  seen  in  standard  spectra  of  cured  rubbers  at  ele¬ 
vated  temperatures  (and  without  HAS),  it  may  be  difficult  to 
resolve  tri-  and  polysulfidic  from  disulfidic  crosslinks. 

In  addition  to  the  number  of  sulfur  atoms  in  a  crosslink, 
it  is  essential  to  determine  exactly  where  on  the  chain  the 
crosslink  occurs.  For  pure  sulfur  vulcanization,  it  appears 
from  model  studies  that  there  are  a  number  of  possible  cross¬ 
link  structures,  depending  on  the  mechanism  of  vulcanization. 
Figure  9  shows  some  of  the  more  likely  structures,  without 
specifying  the  number  of  sulfur  atoms  in  the  crosslink.  Other 
possibilities  arising  from  double  bond  shifts,  cyclic  struc¬ 
tures,  or  multiple  substitution  can  be  envisioned,  but  are  not 
considered  here. 

13 

Using  C  chemical  shift  substituent  effects,  we  have 
calculated  the  approximate  chemical  shifts  for  carbons  in  the 
structures  in  Figure  9,  where  the  calculated  values  are  shown. 
The  calculated  values  were  obtained  by  taking  the  chemical 
shift  of  the  appropriate  carbon  in  the  "starting  compound",  ie 
cis-j^^lyisoprene  or  an  ethylene-propylene  copolymer  seg¬ 
ment  and  adding  to  it  the  appropriate  value  for  the  substi¬ 
tuent  effect  (see  Table  2).  The  substituent-effect  values 
used  are  taken  from  reference  26,  but  are  modified  somewhat 
based  on  the  model  compounds  in  Table  2.  Since  the. 3  and  r 
substituent  effects  are  approximately  the  same  for  all  the 
linkages,  only  the  different  a-carbon  possibilities  are  listed 
in  Figure  9.  Many  of  the  chemically  shifted  lines  due  to 
crosslink  sites  will  not  be  resolved  from  the  main  cis-poly- 
isoprene  resonances  given  the  typical  line  widths  observed  for 
vulcanizates.  However,  many  of  those  given  in  Figure  9  will  be 
resolvable.  It  remains  to  be  determined  experimentally  how 
many  of  these  can  be  resolved  and  identified.  It  should  be 
emphasized  that  the  calculated  values  are  only  approximate, 
since  substituent  effects  are  a  function  of  other  factors  such 
as  branching  and  the  presence  of  other  interacting  groups. 
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Figure  9.  Predicted  chemical  shifts  for  some  structures  ex- 
pected  in  the  sulfur  vulcanization  of  natural  rubber.  The 
chemical  shifts  are  derived  from  the  models  and  and 
Y-substituent  effects  for  monosulfidic  crosslinks  (see  Table 
2).  Values  in  parentheses  are  for  disulfidic  and  polysulfidic 
crosslinks  for  the  cs-carbons.  Disulfidic  and  polysulfidic  ^ 
and  Y~«ff«cts  are  assumed  to  be  the  same  as  monosulfidic. 


TABLE  2 

SUBSTITUENT  PARAMETERS  FOR  S  R 

X 


X=1  j 

X>1 

a 

18  1 

25 

0 

6  i 

6 

Y 

-4 

-4 

13 

Figure  10  shows  the  C  spectrum  of  natural  rubber  cured 
with  sulfur  alone  for  six  hours  at  280®F.  A  suliur-only  cure 
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Figure  10.  Standard  C  spectrum  of  a  sulfur-cured  natural 
rubber  (6  hrs  at  280®F)  at  90“C.  The  label  "T"  indicates 
peaks  from  trans-polyisoprene  units. 

was  examined  first  since  peaks  due  to  remaining  accelerator 
(TMTD)  molecules  (or  fragments)  can  interfere  with  observation 
of  peaks  from  the  actual  crosslink  sites.  A  number  of  new 
peaks  are  seen  in  the  spectrum  of  Figure  10.  Two  of  these  can 
be  assigned  to  trans-polyisoprene  units  (T)  in  the  predomi¬ 
nantly  cis-polyisoprene  chain.  The  level  is  on  the  order  of 
5Z.  This  confirms  that  some  isomerization  of  the  double  bond 
does  occur  in  the  sulfur  vulcanization  of  NR.  The  other  new 
resonances  are  due  to  the  sulfur  crosslink  sites  themselves. 
It  is  not  yet  known  if  the  increased  linevidths  (relative  to 
polyisoprene)  of  the  crosslink  peaks,  particularly  those  at 
46,  51  and  59  ppm,  are  due  to  restricted  mobility  or  to  over¬ 
lap  of  two  or  more  unresolved  resonances.  Given  the  calcu¬ 
lated  shifts  in  Figure  9,  there  is  clearly  the  possibility  of 
substantial  overlap  amonjf  the  various  resonances  due  to  the 
crosslink  sites.  Additional  discrimination  is  necessary.  One 
way  to  achieve  partial  discrimination  is  to  employ  the  DEPT 
technique  described  above. 

Figure  11  shows  the  DEPT  spectra  of  natural  rubber  cured  with 
sulfur  alone.  There  is  reasonably  good  separation  among  the 
subspectra.  Some  "crosstalk"  is  observed  for  the  major  peaks, 
particularly  for  the  residual  methyl  resonance  in  the  CH  sub¬ 
spectrum.  Comparison  of  the  DEPT  spectra  to  the  standard 
spectrum  in  Figure  10  shows  that  the  signal-to-noise  ratio  in 
the  DEPT  spectra  is  reduced,  probably  because  of  the  short 
T-'s  encountered  for  this  bulk  polymer.  ’  From  these  spec¬ 
tra  we  can  further  discriminate  among  the  types  of  crosslinks 
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Figure  11.  DEFT  spectra  of  the  sulfur-cured  naiurai  rubber  of 
Figure  16.  "X"  marks  residual  peaks  from  other  subspectra. 
Arrows  indicate  peaks  due  only  to  crosslink  sites. 


possible.  For  example,  the  peak  at  59  ppm  appears  to  be  ex¬ 
clusively  CH,  suggesting  di-  or  polysulfidic  crosslinks  of 
structure  II,  or  possibly  structure  IV.  Structure  IV  is  also 
consistent  with  the  methyl  at  about  15  ppm.  The  peak  at  46 
ppm  for  this  sample  is  a  CH-  carbon,  suggesting  di-  or  poly¬ 
sulfidic  crosslinks  of  structure  III,  although  in  this  case 
structures  V  and  VI  are  also  possibilities.  Confirmation  of 
the  presence  of  any  particular  type  of  crosslink  ideally 
should  rely  on  the  observation  of  more  than  one  resonance. 
Much  additional  work  is  necessary  to  totally  sort  out  the 


70 


types  and  amounts  of  crosslinks  which  occur.  The  cure  condi¬ 
tions  for  the  current  sample  probably  yield  a  mixture  of 
mono-,  di-,  and  polysulfidic  crosslinks.  Samples  cured  under 
conditions  designed  to  give  exclusively  monosulfidic  or  poly¬ 
sulfidic  crosslinks  must  be  examined.  Conditions  of  cure  or 
spectrum  acquisition  must  be  found  to  improve  the  signal-to- 
noise  ratio  of  the  DEPT  experiment,  probably  by  lengthening  T- 
for  the  crosslink  carbons.  Also,  an  independent  determination 
of  the  positions  of  any  quaternary  carbons,  possibly  using  a 
specific  pulse  sequence  for  this  purpose,  is  necessary.  How¬ 
ever,  the  results  obtained  so  far  are  promising. 
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INTRODUCTION 

I  The  present  flourishing  use  of  "thermal  analysis"  in 
ytners  started  around  1961  when  an  instrument  with  adequate 
olution  for  polymer  studies  became  commercially  available. 
1972,  at  least  30  ma(nufacturers  were  manufacturing  thermal 
ly2ers.  The  number  of  publications  related  to  thermal 
lysis  in  basic  chemical  journals  had  been  increasing  at  an 
exponential  rate  and  numbered  more  than  5000  annually  in  1972; 

20i  of  which  are  estimated  to  be  associated  with  polymers  (1- 
3)1  Two  journals,  Thermochimica  Acta  (4)  and  Journal  of 
Thgmal  Analysis  (5) ,  are  now  devote?  to  thermal  analysis 
exclusively.  Even  thermal  analysis  abstracts  (6)  are  becoming 
aviilable.  The  Japanese  journal.  Calorimetry  and  Thermal 
An ilysis  (7),  also  covers  a  wide  range  of  articles  and  reviews. 

An  I  AsYM  committee  has  also  been  formed  with  responsibility  to 
formulate  methods  based  on  thermal  analysis.  Also, 

International  Confederation  of  Thermal  Analysis  (ICTA)  was 
formed  in  1965  with  affiliation  in  many  countries.  By  far  the 
largest  affiliate  is  the  North  American  Thermal  Analysis 
Society  (NATAS)  with  a,  1985  membership  of  around  700. 

Based  on  a  presentation  at  the  "Rubber-80"  International 
conference  in  India  (8),  and  a  talk  at  the  Cleveland  meeting  of 
thje  Rubber  Division  (9),  the  author  published  a  review  article, 
"dharacterization  of  Elastomers  by  Thermal  Analysis"  (10).  The 
present  article  is  an  updated  version  of  the  same  publication 
and  includes  the  work  during  the  last  5  years  (1981-1985).  Also, 
a  chapter  on,  "Miscellaneous  Novel  Applications",  has  been  added, 
in  order  to  cover  significant  contributions  not  included  in  the 
scope  of  the  earlier  presentation.* 


*1  When  the  manuscript  was  first  prepared,  earlier  work  was  in¬ 
cluded.  However,  at  the  request  of  the  editors,  the  present 
manuscript  has  been  reduced  in  size,  omitting  much  of  the 
earlier  work.  The  only  exception  to  the  revised  manuscript  is 
that  the  references  remain  as  in  the  original  manuscript  (Ref.  1 
through  221). 
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TRANSITION  IN  ELASTOMERS 


Tables  1  and  2  are  provided  to  summarize  the  various  thermo 
analytical  techniques  and  to  explain  how  some  of  these  methods 
perform  elastomer  characterizations. 

Figure  1  shows  a  schematic  DSC  curve  of  an  elastomer  in 
oxygen  (A)  and  nitrogen  (B),  which  illustrates  the  sequence  of 
thermal  characteristics  as  they  appear  in  DSC  curve.  As  men¬ 
tioned  before,  this  sequence  will  be  followed  in  the  present 
review.  Some  of  these  transitions  are  physical  and  therefore 
are  reversible  on  a  heating  and  cooling  cycle.  These  physical 
transitions  are:  glass  transition  (T  ),  melting,  crystal¬ 
lization,  etc.  Permanent  chemical  changes  take  place  in 
others,  e.g.,  oxidation,  oxidative  and  thermal  degradation, 
vulcanization.  They  are  therefore,  irreversible.  Unlike 


TABLE  1 

COMMON  THERMOANALYTICAL  TECHNIQUES 


Abbreviation 

Technicue 

Response  Measured 

OTA 

Differential  Thertal  Analysis 

Temperature  Difference 

OSC 

Differential  Scanning  Calorimetry 

Energy  (heat)  Difference 

TG 

Thermogravlmetry 

Height  Change 

OTG 

Differential  Thermogravlmetry 

Rate  of  Height  Change 

TMA 

Thermomechanical  Analysis 

Dimensional  Changes 

OTMA 

Differential  Thermomechanical 
Analysis 

Rate  of  Change  of 

Dimensions 

OHA 

Dynamic  Mechanical  Analysis 

Modulus,  Loss  Tangent 

AUDREY 

Dielectric  Analysis 

Dielectric  Loss 

EGO 

Effluent  Gas  Detection 

Total  Volatiles  Evolved 

EGA 

Effluent  Gis  Analysis 

Individual  Volatiles  Evolved 

TOA 

Thermo'optlcal  Analysis 

Birefringence  Change 

TDA 

Thermodepolarizatlon  Analysis 

Birefringence  Change 

ETA 

Electrothermal  Analysis 

Resistivity  Change 

ARC 

Accelerating  Rate  Calorimetry 

Adlabetic  Temperature  Rise 
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TABLE  2 

CHARACTERIZATION  OF  ELASTOMERS  BY  THERMAL  ANALYSIS 


OSC  TS  and  OTG  TMA  and  OTMA 

Heasura  Heat  Flow  Heasure  Weight  Changes  Measure  Dlmenslbnal  Changes 

Thcmal  Capacity  X  Volatile,  tiater.  Solvent  Thermal  Expansion 

Melting  Point,  Tg  t  Plasticizer,  Oil ,  Extender  Softening  Point 

*  Crystallinity  j  Pol^aacr  Heat  Deflection  Temperature 

Curing  Profile  j  arfaon  Slack  Modulus,  Creep 

Blend,  Copolymer  Analysis  *  Carbonate  Mold  Shrinkage 

Additive  Analysis  Degradation  Profile 

Thermal  Degradation  Thermal  SUblllty 

Oxidative  Oegrjdation  Oxidative  Stability 

Elastomer  Identification  Elastomer  Identification 
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FIGURE  1.  Schematic  OSC  Curve  (104). 
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chemical  transitions,  the  physical  transitions  are  not  affected 
by  the  environment.  Also,  no  weight  change  accompanies  such 
processes  and  therefore  TG  curves  will  not  record  the  physical 
transitions.  Chemical  reactions,  on  the  other  hand,  are 
usually  accompanied  by  a  change  of  weight  and  will  be  recorded 
in  the  TG-OTG  curve.  It  is  apparent  that  TMA  works  only  for 
physical  transitions  and  would  show  different  rate  of  expansion 
at  Tg  and  also  a  transition  with  penetration  and  extension 
probes.  A  softening  point  before  crystalline  melting  is  often 
observed  in  TMA  for  semi  crystal  line  thermoplastic  polymers. 

These  physical  transitions  are  very  susceptible  to  various 
morphological  factors  as  well  as  pre-history  of  the  sample.  It 
is,  therefore,  very  important  to  destroy  the  pre-history  of  the 
sample  by  annealing  at  a  temperature  higher  than  the  melting 
point  or  cf  the  elastomer. 

Intensity  of  the  physical  transitions  are  reduced  by 
vulcanization.  For  example,  BR  crystallization  endotherm  often  , 
vanishes  with  vulcanization.  This  may  serve  as  an  indication 
of  the  extent  of  crosslinking  of  the  sample. 

In  the  following  paragraphs,  different  uses  of  T  in  elasto¬ 
mers  will  be  outlined.  These  are;  ^ 

1.  Identification  of  Elastomers 

2.  Estimation  of  Dry  Rubber  in  Latices 

3.  Copolymer  Microstructure 

4.  Compatibility  Determination 

5.  Carbon  Black  Transfer 

6.  Level  of  Resin  Plasticizer 

7.  Solubility  of  Plasticizer 

8.  Degree  of  Epoxidation  of  NR 

Of  these,  (2),  (6),  (7),  and  (8)  have  been  published  after 
the  last  review  and  will  be  discussed  in  this  revised  report  (10). 

Estimation  of  Dry  Rubber  in  Latices.  Burfield  (46)  at  the 
University  of  Malaya,  proposed  an  extension  of  the  T  iden¬ 
tification  of  dry  rubber  to  that  in  latices.  DSC  anSlysis  of 
NR  latex  concentrate  shows  T  corresponding  to  NR-dry  rubber 
and  an  endotherm  for  the  hea?  of  fusion  (AH,)  of  the  seruni. 

The  Tg  of  NR  sampled  as  latex  is  effectively  indistinguishable 
from  that  of  dry  rubber  isolated  from  the  same  latex  (Figure 
2A).  The  magnitude  of  the  heat  capacity  change  (Cp)  (Figure 
2B)  .associated  with  the  glass  transition  shows  a  linear 
relationship  with  dry  rubber  content  (DRC),  thus  permitting 
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monitoring  of  DRC  at  the  same  time.  The  ORC  may  also  be 
monitored  with  respect  to  AH,  (Figure  2C)  which  aecreases 
almost  linearly  with  increasing  rubber  content. 

Level  of  Resin  Plasticizer.  Brazier  and  Nickel  (35) 
described  a  procedure  for  assessing  the  correct  level  of  a 
resin  plasticizer  by  TMA.  The  method  uses  an  indentation 
probe.  For  normalized  sample  thickness,  the  depth  of  indenta¬ 
tion  prior  to  e;{pansion  varied  predominantly  with  the  level  of  a 
given  plasticizer  and  a  correlation  with  sample  hardness  was 
established. 
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FIGURE  2.  DSC  Analysis  of  NR  Latex  (46). 
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Solubility  of  Plasticizer.  G.  Ceccoruli,  et  a1 .  (58) 
studied  the  depression  ofT^of  PVC  with  ester  plasticizers. 

With  partially  soluble  estefs,  T  decreases  with  increasing 
ester  content  up  to  a  critical  concentration  corresponding  to 
the  solubility  limit.  At  higher  concentrations,  the  remains 

constant.  .  .  u 

Degree  of  Epoxidation  of  NR.  Recently,  there  has  been  a 

growing  interest  in  the  modification  of  NR  latex  by  epoxidation 
with  peracids.  The  modified  material  shows  certain  outstanding 
properties  vis-a-vis  the  unmodified  rubber  (59-63).  Burfield 
et  al.,  (62)  observed  that  T  values  of  epoxidized  NR  can  be 
correlated  with  the  level  of  epoxidation  (Figures  3A  38), 
as  measured  by  the  primary  methods  (elemental  analysis,  C  NMR, 
HBr  titration).  T  values  are  also  directly  related  to  density 
(Figure  38).  DSC  analysis  also  perm^s  the  detection  and 
estimation  of  blends  of  NR  and  ENR,  since  such  mixtures  are 
characterized  by  two  distinct  T  values  (62).  Such  an  estima¬ 
tion  could  not  readily  by  achieved  by  the  primary  methods. 
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FIGURE  3.  Glass  Transition  as  a  Measure  of  Exposition  In  NR  (C2). 
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Melting  and  Crystallization.  DSC  applications  of  melting 
and  crystallization  are  as  follows: 

1.  Characterization  of  Random  vs.  Block  Copolymer 

2.  Compatibility  of  Binary  Blends 

3.  Carbon  Black  Transfer 

4.  Degree  of  Dispersion  of  Elastomer  Blends 

5.  Ana'ysis  of  Plasticizer  Levels 

6.  Solubility  of  Plasticizers 

7.  Estimation  of  Sulfur  In  Masterbatches 

8.  Purity  of  Viccelerators 

The  last  four  will  be  described  In  detail. 

i^alysis  of  Plasticizer  Level .  Maurer  (45)  used  the  mag- 
nit  uaTlTn[ReniieTrTrig~en3oIT?erTir^  different  plasticizers  to 
determine  the  amount  of  plasticizers  present  in  butyl  compounds 
for  low  temperature  use.  It  was  suggested  that  this  method 
could  be  used  as  a  rapid  quality  control  test  to  assure  correct 
plasticizer  levels.  DTA  was  favored  in  these  determinations 
over  DSC  because  it  allows  a  larger  sample  size. 

Solubility  of  Plasticizers.  An  interesting  modification  of 
Maurer's  (45)  method  was  due  to  G.  Ceccotuli,  et  a1.  (58)  in 
Italy.  These  workers  evaluated  the  heat  of  fusion  dr  the  ester 
plasticizers  in  PVC,  exceeding  the  solubility  limit.  A  plot  of 
heat  of  melting,  per  unit  weight  (Q/W)  vs.  the  diluent  weight 
fraction  gives  a  straight  line.  The  slope  corresponds  to  the 
heat  of  fusion  of  the  ester,  while  the  intercept  with  the 
composition  axis  (Figure  4)  indicates  the  critical  concentration 
Wq  for  the  PVC  ester  system. 

Estimation  of  Sulfur  In  Ha* terbatches.  In  rubber  compound¬ 
ing  ,'TrTs‘TTotiiiiidrr'pracrrcenEo'"p^^  sulfur  and/or 

accelerater  in  a  masterbatch  of  the  elastomer.  Predispersion 
of  sulfur  Improves  accuracy  and  facilitates  its  incorporation 
into  the  formulation.  Maurer  and  Brazier  (14)  suggested  the 
use  of  the  enthalpy  for  sulfur  melting  to  monitor  the  amount  of 
sulfur  in  such  masterbatches.  An  unannealed  DSC  scan  of  such  a 
dispersion  (Figure  5A)  reveals  a  complex  melting  endotherm  due 
to  the  polymorphic  nature  of  sulfur.  Quenching  and  rerunning 
reveals  only  a  single  peak  (Figure  5B).  The  enthalpy  as¬ 
sociated  with  this  process  correlates  closely  with  sulfur 
content  up  to  about  50%  sulfur  (Figure  5C). 

Purity  of  Accelerators.  Brazier  and  Nickel  (76)  used  DSC 
melting  endotherms  of  commercial  accelerators  to  characterize 
the  accelerators  and  to  determine  their  purity.  The  purified 
accelerator,  obtained  by  recrystallization  from  cyclohexane  was 
used  as  the  control.  This  Is  Illustrated  In  Figure  6.  For 
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FIGURE  4.  Solubility  of  Ester  Plasticizers  by  Heat  of  Fusion  (58). 


MBTS,  Brazier  (15)  reports  that  the  purity  of  the  commercial 
accelerators,  determined  by  this  method,  are  no  better  than  95%. 

Chemical  Transitions 

Unlike  the  physical  transitions,  the  chemical  transitions 
occurring  at  higher  temperaures  are  affected  by  the 
environment.  The  different  transitions  in  nitrogen  and  oxygen 
atmosphere  will  therefore  be  treated  separately. 

By  far  the  largest  amount  of  work  on  thermal  analysis  of 
elastomers  has  been  carried  out  in  nitrogen  which  shows  purely 
"thermal"  or  "thermo-chemical"  effect,  in  contrast  to  the 
combined  effect  of  heat  and  oxidation,  "thermooxidati ve" , 
effect  in  oxygen. 

The  transitions  in  nitrogen  may  again  be  categorized  ac¬ 
cording  to  the  temperature  scale  of  the  reaction.  Enthalpy  for 
room  temperature  vulcanization  of  silicone  rubber  was  utilized 
for  quality  assurance  of  thermal  protection  system  of  fuel 
tanks  for  space  vehicles  (77).  At  around  150'’-250®C,  the 
exotherm  for  the  unvulcanized  compound  is  due  to  vulcanization; 
at  higher  temperature  (350®-550®C)  thermal  degradation,  either 
crosslinking  or  depolymerization  takes  place. 
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Melting  \ 


OSC  Analysis  of  Sulfur.  A  •  OSC  curve  of  Sulfur 


n  Sulfur/Accelerated  Masterbatch.  Sulfur 


Content  32. 7S  Added  as  Oiled  Crystex  to  Polylso^^ 
prene  Cortalning  MBTS  Accelerator  (O.W.  Brazier  and 
N.V.  Schvartz  unpublished  data)  (76);  B  •  DSC  Curve 
of  Sulfui /Accelerator  Maste-batch  After  Melting  and 
Quenchlm  .  (O.W.  Brazier  and  N.V.  Schwartz,  unpu¬ 

blished  <ata)  (76);  C  -  Typical  Calibration  Data 
for  the  /inalysis  of  Sulfur  Masterbatches  Over  the 
Range  44  to  54t  Sulfur  by  Weight.  Enthalpy  of 
Melt  (  H)  After  Melting  and  Quenching  (76). 


Thermal  or  Thermochw|i1ca1  Transitions 


discussed  separately 


Thermal  reaction;;  between  150-350®  and  beyond  350*C  are 


reactions  between  15d-350®C 


Following  are  the  uses  for  thermal 


1.  Enthalpy  of  vulcanization 

2.  Analysis  of  sponge  formulation 
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FIGURE  6.  Purity  of  Acc#1#r*tor  by  DSC:  Purity  of  2,2‘*b#niothi*iyl 
Oisulphidt  (MBTS)  by  OSC.  Cotmtrcial  Sifflplt  AirifiMl  by 
on*  Racrystallization  froai  Cyc1oh«x*n*  (76). 


3.  Estimation  of  oil  in  o1 1>«xtended  elastomer 

4.  Identification  of  oils  and  plasticizers. 

Only  (3)  will  be  discussed,  since  others  have  been  described 
In  the  earlier  review  (10). 

Estimation  of  Oil  In  Oi  l -Extended  Elastomers.  Maurer  (14) 
described  the  usefulness  of  the  TS-DTS  method  (n  analyzinq  the 
amount  of  oil  In  oil-extended  SBR  (76)  and  EPDM  (95)  (Figure 
7).  SBR  1778,  which  contains  37.5  phr  of  a  naphthenic  oil. 
Begins  to  lose  oil  "^175*C  and  exhibits  a  maximum  rate  of  oil 
loss%285*C.  In  contrast,  SBR  1712,  which  contains  37.5  phr  of 
a  less  volatile  aromatic  oil,  exhibits  a  broad  oil  volatiliza¬ 
tion  curve  which  overlaps  the  SBR  degradation  region.  The  use 
of  lower  heating  rates  to  complete  oil  volatilization  and/or 
reduced  pressure  has  been  suggested  to  remedy  this  situation. 

In  contrast  to  SBR,  oil-extended  EPDM  (84)  shows  no  overlap  of 
the  weight  losses  due  to  oil  and  polymer.  This  1$  due  to  the 
higher  thermal  stability  of  EPDM. 

Swarlng  and  Wims  (95)  suggested  three  methods  to  calculate 
the  oil  content  In  cases  of  overlapping  oil  and  polymer  TG 
traces.  These  are:  (a)  overlaying  a  polymer  decomposition 
curve  on  the  curve  of  the  oil -extended  polymer,  (b)  construc¬ 
tion  of  an  Intersection  point,  and  (c)  Identification  of  the 
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FIGURE  7.  Estimation  of  Oil  In  Oll-Extendad  Elastomers  (76):  OTG 
Profiles  of  Commercial  Ram  SBR  Elastomers.  Heating  Rate 
lO'C/mfn  •  Compositions:  ISOCi,  2J.St  styrene;  1515,  28* 
styrene;  1516,  401  styrene;  1712,  23.51  styrene,  37,51 
aromatic  oil;  1778,  23.51  styrene,  37.51  naphthenic  oil  (14). 


oil-polymer  region  via  the  derivative  TG  curve.  Calculation 
procedure  (a)  and  (c)  gave  good  results  for  EPOM,  whereas 
method  (b)  gave  a  low  oll/high  polymer  result.  Because  of  Its 
ease  of  application,  the  OTG  method  (c)  Is  preferred  by  many 
(14),  Including  the  present  author. 

High  Temperature  Degradation 

Very  useful  Information  can  be  obtained  from  thermographs 
of  the  high  temperature  degradation  of  elastomers.  Unlike  the 
physical  transitions,  as  well  as  vulcanization,  considerable 
weight  loss  generally  accompany  these  transitions.  Therefore, 
simultaneous  TG-OTG  along  with  DSC  thermographs  are  very  useful 
1n  the  study  of  thermal  degradation.  For  obvious  reasons,  TMA 
Is  seldom  used  In  this  range.  The  TG-DTG  and  DSC  thermographs  ’ 
of  thermal  degradation  of  elastomers  have  been  used  for  the 
following  applications; 

a.  Thermal  stability  of  elastomers. 

b.  Identification  of  elastomers. 
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c.  Identification  of  blends. 


d.  Proportion  of  elastomers  in  blends. 

e.  Analysis  of  vulcanizates. 

All  pf  these  have  been  discussed  in  the  earlier  review  and' 
thus  will  not  be  discussed  in  this  report. 

Thermooxi dative  Transitions 


t!;::  effect  of  atmosphere  on  high  temperature  degradation  of 
elasto.-T'?  --  is  quite  dramatic,  in  general,  elastomers  will 
stand  mijch  ?  ; ^her  temperature  in  nitrogen  without  significant 
deteriorat1o:i  than  in  air  or  oxygen.  The  relative  stability  of 
the  elastmoers  ^n  oxygen  depends  on  the  polymer  structure-- 
dienes  (NR,  BR,  NBR,  S8R)  are  much  more  affected  than  the 
olefins  (butyl,  EPOM).  Since  oxidation  accounts  for  the  chemi¬ 
cal  or  high  temperature  transition  In  oxygen,  they  are  all 
exothermic.  Uses  of  the  DSC  exotherms  or  TG  curves  In  air  or 
oxygen  are  as  follows: 

1.  Identification  of  Elastomers 


2.  Antioxidant  Evaluation 

3.  Carbon  Black  Identification 

4.  Predicting  Service  Life 

A  considerable  amount  of  work  on  antioxidant  evaluation  has 
been  published  and  thus  the  topic  will  be  discussed  in  detail. 

Antioxidant  Evaluation.  Thermoanalytical  techniques  have 
recently  been  used  to  study  rubber  oxidation  (139-149).  There 
are  five  main  approaches  to  this  study.  They  all  use  OTA  or 
DSC  and  depend  on  the  determination  of  the  following: 

a.  Enthalpy 

b.  Energy  of  Activation 

c.  Onset  Temperature 

d.  Isothermal  Induction  Time 
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e.  Oxidation  Peak  Temperature 


^tloxidant  Evaluation  by  Enthalpy  Determination.  Smith 
and  Stephens  (142)  used  Dst  to  evaluate  the  effectiveness  of 
the  antioxidants  in  SBR  and  BR  rubbers.  The  effectiveness  of 
the  antioxidants  was  correlated  to  the  amount  of  heat  change 
(enthalpy)  during  degradation.  The  smaller  the  heat  change, 
the  more  effective  is  the  antioxidant.  In  more  recent  work 
(143)  with  guayule  rubber,  small  cast  samples  were  used.  This 
gave  5-iotimes  the  value  of  AH  as  for  larger  samples.  This 
indicates  a  diffusion  controlled  reaction  and  a  more  complete 
oxidation  for  the  small  size  samples. 

Antioxidant  Evaluation  by  Energy  of  .‘Ictivation.  Goh  (144) 
found  that  the  energy  ot  activation,  evaluated  from  the  ther- 
moanalytical  studies,  provided  a  reasonable  estimation  of  the 
effectiveness  of  the  antioxidant.  Goh  and  Pang  (145)  later 
estimated  the  effects  of  several  metallic  ions  on  the  oxidation 
of  NR,  by  comparing  the  apparent  activation  energies  obtained 
from  Kissinger's  Plots.  Thermal  oxidation  of  guayule  and  NR 
have  also  been  studied  using  the  energy  of  activation  (E  ) 
method  (116).  The  suitability  of  different  methods  for  " 
evaluating  E  from  DSC  thermographs  have  also  been  discussed  by 
these  authors.  Kotoyori  (150)  considered  the  activation 
energy,  frequency  factor,  and  specific  reaction  rate  as  a 
measure  of  stability.  Lye,  et  al.,  (151)  calculated  the  ap¬ 
parent  activation  energy  of  oxidation  by  both  Kissinger  (152) 
and  Ooyle-Ozawa  equation  (153-156).  They  concluded  that  E  as 
evaluated  by  Kissinger  and  the  estimated  time  relatinship  * 
devised  by  Doyle  (154)  and  adapted  for  the  DSC,  appear  to  be 
valid  for  the  oxidative  stability  in  NR,  subject  to  certain 
limitations.  These  are  (1)  oxidation  mechanism  remain  un¬ 
changed  at  the  temperature  range  studied,  (2)  Arrhenius 
equation  holds,  H)  no  decomposition  or  volatilization  of 
antioxidants,  (4)  no  thermal  lag  and  other  thermal  reactions— 
e.g.,  thermal  degradation.  Importance  of  small,  cast  samples 
are  again  emphasized  in  this  investigation.  Antioxidants  should 
Increase  the  degradation  temperature  and  Ea. 

Antioxidant  Evaluation  by  Unset  Temperature.  Horvath,  et 
al.,  (14^)  used  the  initial  oxidation  temperature  (onset 
temperature)  to  determine  the  stability  of  NBR  elastomers 
containing  conventional  antioxidants  and  bound  antioxidants, 
introduced  during  polymerization.  Extraction  with  methanol  had 
no  effect  on  bound  antioxidant  system;  whereas,  a  decrease  of 
onset  temperature  by  50'’C  was  observed  for  others.  The 
decrease  of  onset  temperature  shows  the  susceptibility  of  these 
samples  to  oxidation. 
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Gonzalez  (143)  detennined  the  relative  efficiencies  of 
seven  antioxidants  in  guayule  rubber,  based  on  the  ability  of 
the  antioxidant  to  shift  the  oxidation  exotherm  to  higher 
temperature. 

Antioxidant  Evaluation  by  Isothermal  Induction  Time. 
Isothermal  OTA  technique  was  also  used  for  the  evaluation  of 
antioxidant  (146,147).  In  this  case,  the  sample  is  brought  to 
the  preselected  temperature,  preferrably  in  nitrogen,  the 
atmosphere  changed  to  oxygen  and  the  delay  before  the  oxidation 
exotherm  begins  or  the  induction  period  of  oxidation  then  serve 
as  an  indication  of  the  effectiveness  of  the  antioxidant.  The 
logarithm  of  the  induction  time  is,  in  most  cases,  a  linear 
function  of  the  reciprocal  of  the  test  temperature.  This 
isothermal  approach  has  also  been  reported  for  plastics  (148). 
Soviet  workers  (157)  studied  the  effectiveness  of  antioxidants 
on  butadiene  rubber  by  combining  DTA  and  TG.  Some  eighteen 
antioxidants  were  ranked  in  order  of  their  effectiveness.  In 
recent  years,  the  Isothermal  induction  method  has  gained  in 
popularity  (148,158-162).  A  small  sample  size,  slow  heating 
rate,  and  a  solution  cast  sample  is  emphasized  by  several 
workers.  In  the  wire  and  Cable  industry,  an  isothermal  DTA/DSC 
test  is  now  widely  used  to  check  the  oxidative  stability  of 
polyolefin  based  materials.  It  has  the  advantage  of  speed, 
simplicity,  and  small  sample  size  over  the  standard  oxygen 
absorption  method.  It  can  be  applied  in  varius  ways:  e.g.,  to 
the  raw  mix,  to  check  that  there  is  sufficient  antioxidant  to 
prevent  degradation  during  processing,  or  to  actual  wire 
samples  after  extrusion,  either  to  assess  the  effect  of  alter¬ 
ing  process  conditions  or  as  a  routine  quality  control  check  of 
the  finished  product  (163). 

The  oxidation  Peak  Temperature.  The  activities  of  an¬ 
ti  oxTdarrtsnirii[iriieri~iTudTe3Tji^ay,  et  al.,  (139,141)  using 
DTA.  A  correlation  was  found  between  the  DTA  peak  temperature 
versus  the  tensile  strength  and  ultimate  elongation  of  oxygen 
bomb-aged  rubber  vulcanizates.  In  a  series  of  papers,  Goh 
(115,138  158-162)  used  DSC  to  study  the  oxidation  of  NR,  the 
catalytic  effect  of  metal  ions  on  the  oxidation  of  NR,  the 
inhibition  of  metal-ion  catalyzed  oxidation  of  NR  by  macro- 
cyclic  ligands  and  the  oxidation  of  NR/IR  blends.  He  used  all 
the  other  parameters  (a-d),  as  well  as  the  peak  oxidation 
temperature.  He  then  tried  to  establish  a  correlation  between 
activation  energy  of  oxidation,  E  ,  isothermal  induction  time, 
t,  and  oxidation  peak  temperature,  T  .  A  typical  plot  with  a 
127  data  set  (159),  at  a  ^“C/min  heading  rate  is  shown  in  Figure 
Similar  plots  were  also  obtained  between  Eg  vs  1/Tp  and  log  t 
vs  Eg.  In  each  case,  correlation  coefficient  of  the  linear  plot 
improved  at  a  lower  heating  rate.  Since  all  the 
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FIGURE  8.  Induction  Time  vs.  Reciprocal  Peak  Temperature:  log  t  vs. 

1/Tp  (Tp  based  on  a  heating  rate  of  2K  m1n-l)  (159a). 

three  parameters  are  interrelated,  they  all  can  be  used  to 
evaluate  the  oxidative  stability  of  rubbers  and  the  effective¬ 
ness  of  antioxidants.  However,  the  use  of  induction  time  has 
the  disadvantage  that  a  long  test  time  is  needed  for  a  sample 
of  good  stability.  The  evaluation  of  Ithe  activation  energy  by 
the  Kissinger  method  (152)  requires  several  scans  at  various 
heating  rates.  The  use  of  the  oxidation  peak  temperature  based 
on  a  single  scan  is  recommended  as  the  most  convenient  method. 
However,  as  discussed  earlier,  values  based  on  a  slower  heating 
rate,  which  require  longer  time,  provide  a  better  result.  An 
optimum  of  10-20®C/min,  commonly  used  in  DSC/DTA  tests, 
provides  a  fast  and  yet  reasonably  good  result. 

In  more  recent  publications  (160,161)  Goh  proposed  that  for 
NR  (160)  and  BR  (161),  stabilized  by  various  antioxidants,  the 
Arrhenius  plots  could  be  superimposed  to  form  a  single  plot, 
using  a  shift  factor  dependent  on  the  oxidation  peak  tempera¬ 
ture  obtained  from  a  dynamic  DSC  test.  The  superimposed  plot 
provides  a  rapid  means  for  predicting  the  oxidation  Induction 
time  from  the  more  rapid  dynemic  DSC  test.  Plots  of  logarithms 
of  induction  time  against  the  reciprocal  of  the  absolute  tem¬ 
perature  for  BR  containing  various  antioxidants  is  shown  in 
Figure  9.  The  oxidation  peak  temperature  is  shown  in  Table  3. 

Since  log  t  and  1/T  are  linearly  related,  the  order  of  effective¬ 
ness  of  the  antioxidants  are  the  same  in  both  cases.  The  various 
Arrhenius  plots  in  Figure  9  can  be  shifted  horizontally  using 
a  shift  factor.  A,  where  A  »  T  (reference)  -  Tp  (sample).  The 
superimposed  plots  of  log  t  against  1/(T+A)  are  shown  in  Figures 
lOA  and  lOB.  Here  also  the  lower  the  heating  rate,  the  better 
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the  correlation  coefficient.  Straight  line  equations  obtained 
from  the  linear  plot  allow  the  prediction  of  the  induction  time 
using  the  Tp  values  obtained  from  a  dynamic  DSC  test.  However, 
separate  equations  are  needed  for  different  rubber  systems. 

Up  to  now,  the  method  has  been  tested  only  for  raw  NR  and  BR, 
Work  on  extension  of  the  method  to  vulcanized  systems  has  not 
yet  been  published. 


FIGURE  9.  Oxidation  Induction  vs.  Reciprocal  Peak  Temperature  of  BR. 
(1)  Purified  Butadiene  Rubber;  (2)  Butadiene  Rubber  (BR) 
and  Copper  Naphthenate;  (3)  BR;  (4)  Purified  BR  and 
Antioxidant  A;  (5)  BR  and  Antioxidant  A;  (6)  BR  and 
Antioxidant  B;  (7)  BR  and  Antioxidant  C;  (8)  BR  and 
Antioxidant  0,  A  ,  BR,  and  Antioxidant  E;  (9)  BR  and 
Antioxidant  F  (161). 


MISCELLANEOUS  NOVEL  APPLICATIONS 


There  are  some  applications  of  thermal  analysis  which  do 
not  record  a  transition  and  so  cannot  be  included  in  the  sec¬ 
tions  discussed  in  the  preceeding  chapters.  Again,  there  are 
others,  which,  although  concerns  a  transition,  do  not  fall 
under  the  limited  scope  of  this  review,  but  are  novel  enough  to 
deserve  a  mention.  A  number  of  such  applications  ware  compiled 
by  Maurer  and  Brazier  (14)  in  their  review,  "Applications  of 
Thermal  Analysis  in  the  Rubber  Industry"  and  will  be  mentioned 
here. 
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TABLE  3 


EFFECT  OF  HEATING  RATE  ON  THE  OXIDATION  PEAK 
TEHt^ERATURE  Tp  0^  VARIOUS  SAMPLES  (1617 


Cffcei  of  hcaiini  raw  on  (he  oxidation  peak  (ttnpcrtcurt  (T^)  of  varioua  lamplos 


r,(K) 

IKmia" 

IK  min*' 

16  K  min'' 

44  K  min*' 

iiiuditM  rubber  (BR) 

444 

466 

476 

504 

BR  ♦eopper  naphihenxic 

4M 

457 

44t 

497  ' 

BR*A 

45t 

473  ' 

445 

513 

BR*I 

45J 

475 

4S4 

517 

BR-C 

4tJ 

4*4 

491 

521 

BR-D 

46B 

492 

504 

534 

BR-E 

470 

492 

504 

53« 

BR*r 

470 

491 

so: 

531 

BR  (purified) 

4]} 

4i3 

466 

496 

BR(punned)-f  A 

447 

441 

480 

512 

In  recent  years,  there  have  been  some  work  which  used  DSC 
with  some  modification.  This  allows  measurement  of  properties 
not  obtainable  directly  from  DSC,  e.g.,  thermal  conductivity, 
electrical  resistivity.  Two  examples  of  these  in  the  author's 
laboratory  will  also  be  included. 

Crosslink  Density  of  Elastomers  via  Thermogravimetry 

The  crosslink  density  of  elastomers  is  a  very  basic 
parameter  of  the  elastomer  systems.  Most  of  the  important 
properties  of  the  elastomer,  e.gw,  modulus,  tensile  stress, 
elongation,  and  hardness,  depend  on  the  nature  and  level  of  tbe 
crosslinks.  The  classical  method  for  evaluating  crosslink 
density  (CLD)  is  to  determine  volume  swell  and  use  the  Flory- 
Rhener  equation  to  determine  CLD.  The  volume  swell  experiment 
is,  however,  very  time  consuming  and  takes  24  hours  or  more  to 
reach  equilibrium.  Prime  (191)  suggested  the  use  of  TG  with  a 
hang-down  type  balance  (Perkin-Elmer).  The  primary  features  of 
this  experiment  are  the  use  of  a  thin  sample  ana  the  use  of  a 
wick  to  aid  in  maintaining  an  equilibrium  solvent  vapor  con¬ 
centration  above  the  solvent,  thus  facilitating  the  amount  of 
solvent  pick  up  by  the  sample.  The  method  was  tested  for 
polydimethyl  siloxane  vulcanizates  and  is  potentially  useful 
for  other  types.  The  thin  sample,  suspended  from  the  hook  of  a 
Perkin-Elmer  TG  balance  is  immersed  in  the  solvent  in  a  beaker 
and  is  then  withdrawn  from  it  by  lowering  the  solvent 
reservoir.  A  closed  equilibrium  atmosphere  of  the  solvent  is 
maintained  inside  the  balance.  Equilibrium  swell  of 
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polydimethyl  sHoxane  sanplos  Is  established  In  ten  minutes,  as 
Is  evident  In  Figure  11.  Figure  12  shows  the  correlation  of 
volume  swell  ratio  with  Young's  modulus,  which  also  relates  to 
crosslink  density.  Prime  notes  that  this  method  should.  In 
principle,  be  applicable  to  other  vulcanizate  systems.  It 


3w*<l  ratio  (%  aquiiibriufn  tafcral 


FIGURE  11.  Time  to  Equilibrium  Swelling  a$  a  Function  of  Sample 
Thickness  and  Solvent  (191). 


Youna'i  modulut.  10* 

FIGURE  12.  Direct  Correlation  Between  Equilibrium  Swell  Ratio  and 
Young's  Modulus  (191). 
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would,  therefore,  appear  to  offer  a  route  to  the  evaluation  of 
cure  behavior  of  vulcanizates,  and  for  studying  polymer-filler 
interaction,  etc. 

Elastic  Modulus  via  TMA 


An  alternative  method  of  evaluating  crosslink  density  Is  by 
measuring  elastic  modulus.  Barral  and  coworkers  (192,193) 
calculated  elastic  modulus  (Em)  from  TMA  (penetrometer) 
measurements  following  the  equation  developed  by  Gent  (194) 


Em  »  (  —r —  )  { 

P  /2 


9 

16  r  ^Iz 


where  F  »  load,  p  «  penetration,  and  r  «.probe  radius.  Em  Is 
correlated  to  (effective  crossi Ink/cm '^)  by  the  relationship 


Em 

\Ae  * 


where  T  «  293K  and  R  »  8,314.10^  ergs/mole/K 


The  utilization  of  these  techniques  to  study  cure  behavior 
and  network  formation  in  poly(dlmethylslloxane)  polymers  is 
described  by  Barral 1  and  coworkers. 

Another  Incident  which  led  to  utilization  of  this  technique 
was  described  by  Ellersteln  (195).  During  August  of  1971  the 
polymer  characterization  laboratory  at  Thiokol's  Trenton 
facility  was  Inundated  by  a  flood.  All  the  Instruments  that 
had  been  previously  utilized  for  modulus  determination  were 
damaged.  Led  bv  this  urgency,  Ellersteln  (195)  determined 
Youngs  of  fluorocarbon  elastomers  from  the  equation,  E  » 

(F/K),  ,  where  E  »  modulus,  F  *  force,  L  »  penetration, 

and  K  =  empirical  constant,  which  may  be  calibrated  by  using  a 
reference  material  of  known  modulus  E.  The  equation  should  be 
quite  valid  at  temperatures  above  the  glass  transition  region, 
and  where  the  deformatin  is  small  compared  to  the  dimension  of 
the  sample.  When  these  restrictions  are  not  met,  some  devia¬ 
tion  from  the  actual  value  of  the  modulus  will  occur.  It  is 
noted  that  for  the  case  of  a  spherical  indentor,  this  has  been 
treated  by  Finkin  (196)  and  verified  by  rtvo  and  Johnson  (197). 

While  either  a  temperature  programmed  or  an  isothermal 
method  may  be  used  with  a  stable  network  rubber,  only  the 
latter  method  gives  reliable  results  when  time  dependent  ef¬ 
fects  are  present.  On  the  other  hand,  the  former  method 
provides  a  rapid  tool  for  qualitative  screening,  since  it 
shows  where  marked  softening  occurs. 
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The  use  of  penetration  and  recovery  furnishes  viscoelastic 
Information,  and  may  be  used  to  supplant  or  supplement  creep 
experiments.  It  may  often  be  used  for  a  rapid  estimate  of 
compression  set. 

Care  must  be  used  with  these  methods,  since  a  sample  may 
not  be  homogeneous,  and  the  surface  region  may  be  different 
than  the  Interior.  This  may  be  especially  true  where  long  post 
cure  treatments  are  required. 

Volume  Swell  by  THA 

Many  rubber  products  are  required  to  operate  In  a  fluid 
environment  In  which  swelling  may  occur.  Isothermal  TMA  offers 
a  convenient  and  accurate  method  for  measuring  dimensional 
changes  accompanying  solvent  swelling.  Brazier  and  Nickel  (35) 
conducted  limited  studies  of  the  phenomenon  In  plastics,  but 
only  limited  Information  on  rubbers  has  yet  been  noticed  (15). 
■^he  TMA  furnace  1s  replaced  by  the  solvent  reset voir  for  swell¬ 
ing  measurements  and  the  dimensional  changes  recor  ed  as  a 
function  of  time.  As  In  the  case  of  the  TG  method,  equilibrium 
swell  Is  reached  in  10-15  minutes-  for  thin  samples.  The  sample 
is  held  between  two  porous  glass  fritters  to  allow  intimate 
contact  of  the  solvent  and  the  sample.  Anisotropic  swelling  of 
compression  molded  NR  was  observed  by  Brazier  and  Nickel  (35). 
The  TMA  swell  measurements  were  3-5%  lower  than  those  deter¬ 
mined  by  the  solvent  swell  method. 

Low  Temperature  Properties  via  TMA 

ASTM  01053  describes  a  method  for  measuring  low  temperature 
stiffening  of  rubber  and  rubber-like  material.  Indication  of 
low  temperature  stiffening  Is  generally  obtained  oy  Gehman 
temperature  (G,).  This  Is  the  tempecature  at  which  the 
rigidity  modulus  reaches  1000  kgm/cm*^  per  radian.  For  a  series 
of  low  temperature  hose  compounds.  Brazier  and  Nickel  (35) 
observed  a  linear  relationship  between  G^  and  the  glass  transi¬ 
tion  temperature  determined  by  TMA  ^'xpanSlon  both  by  the 
extrapolation  method  (Tg  )  as  well  as  by  the  derivative  method 
(^9fj)*  Tg.  shows  a  maximum  at  the  maximum  rate  of  dimensional 
change  at  the  glass  transition  region  and  helps  In  Identifying 
Tg.  The  TMA  experiment  requires  20  minutes  as  compared  to 
around  half  a  day  for  G.|.. 

Sh rinkage  In  Molded  Vulcanizate  by  TMA 

Foglel,  et  a1.,  (198)  utilized  coefficient  of  expansion  by 
TMA  to  study  the  shrinkage  and  expansion  of  fluoroelastomers , 
measured  in  all  three  directions.  Their  Investigation  11- 


luslrates  the  use  of  TMA  to  measure  anisotropy  of  shrinkage  In 
molded  vulcanizates. 


A  key  aspect  of  this  study  was  the  use  of  vulcanized  elas* 
tomer  (FKM)  stan<^ards,  whose  expansion  coefficient  was 
established  by  dllatometry,  to  calibrate  the  TMA  Instrument. 
These  standards  have  the  same  level  of  expansion  coefficient  as 
the  vuTcanIzate,  In  contrast  to  the  customary  metal  standards 
(lead  or  aluminum),  where  a  coefficient  of  expansion,  too  small 
for  reliable  calibration.  Is  observed.  For  the  press  cured 
FKM,  at  177*C,  the  predicted  and  experimental  values  of 
shrinkage  were  found  to  be  In  good  agreement.  The  predicted 
values  were  calculated  from  the  coefficient  of  expansion  as 
follows: 


S  •  (a.  -  a  )  (t-25)/Cl  ♦  a  (t-25)]. 

^  111  c 

where  a  and  a  refer  to  the  expansion  coefficient  of  the 
compound  and  tWe  mold,  respectively,  at  the  pressure  tempera¬ 
ture,  t.  It  was  also  shown  that  the  average  shrinkage  values 
of  the  filled  vulcanizates  after  pressure  can  be  predicted  from 
gum  stock  values,  oi  .  The  following  equation  was  used  to 
calculate  a  of  the^fllled  stock. 


where  V  1$  the  volume  fraction  of  the  ruober  In  the  filled 
stock,  and  a  and  refer  to  the  linear  Isotropic  expansion 
cceffldents^of  the^unfllled  rubber  and  filler,  respectively. 

Beatty  (199)  measured  shrinkage  of  a  large  number  of  rubber 
compositions  with  a  micrometer  and  cathetometer.  He  came  to 
the  conclusion  that  the  mold  shrinkage  of  elastomer  composi¬ 
tions  depends  upon  the  elastomer  employed,  the  volume  percent 
of  the  elastomer  plus  all  other  organic  materials,  and  the  kind 
and  amount  of  pigment  present.  Pigments  Inhibit  the  shrinkage 
of  rubber. 

In  calculating  the  shrinkage  of  a  composition  from  its 
recipe,  the  follwolng  formula  was  suggested  by  Beatty,  when 
loading  pigments  are  not  present 


S  -  ^T  (C^  - 

where  S  Is  shrinkage  In  cm/cm,  tT  is  the  temperature  difference 
m  "C  between  the  curing  temperature  and  room  temperature.  C. 
Is  the  coefficient  of  thermal  expansion  of  the  gum  stock  * 
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(cm/cm/“C),  C-  is  the  coafficlent  of  thermal  expansion  of  the 
mold  mater1a1^(11.5  x  10”**  cm/cm/*C  for  steel,  and  R  is  the 
percentage  by  volume  of  rubber,  sulfur,  and  all  organic 
materials  combined. 

When  a  loading  pigment  or  a  combination  of  a  loading  pig¬ 
ment  Is  present,  the  above  formula  must  be  modified  by 
substracting  the  correction  for  shrinkage  Inhibition  due  to  the 
pigments. 

THA,  when  properly  calibrated,  offers  a  relatively  simple 
and  precise  method  for  the  determination  of  isotropic  linear 
expansion  and  hence  the  volumetric  expansion  of  rubbers  and  the 
compounding  Ingredients.  From  the  Information  generated,  mold 
shrinkage  can  be  predicted  from  the  formulas  that  can  be  worked 
out. 


THA  vs  VICAT  Softening  Temperature 

One  of  the  tests  performed  on  polymers  Is  the  VICAT  soften¬ 
ing  test  as  described  in  ASTM  method  D-1525.  This  Involves  - 
measuring  the  temperature  at  which  a  circular  probe  of  1.0  mm^ 
cross  section  under  a  load  of  1.0  kg  penetrates  1.0  mm  into  a 
sample  12.7  mm  thick.  Yanal  and  coworkers  (200)  at  the  Rohm 
and  Hass  Company  have  used  the  standard  DuPont  THA  system  to 
obtain  data  equivalent  to  the  VICAT  test  by  using  a  load  of  lOg 
and  a  penetration  probe.  TMA  and  comparable  VICAT  data  are  shown 
for  a  polyurethane  elastomer  In  Figure  13. 

Molecular  Weight  via  TWA 

A  rough  Indication  of  molecular  weight  of  natural  rubber 
was  obtained  by  Soviet  workers  (201)  by  TMA  penetration  method, 
fhe  temperature  corresponding  to  complete  penetration  (T  )  was 
found  to  be  related  to  molecular  weight  determined  by  solution 
viscosity.  Thus,  thermomechanical  curves  can  be  used  to  study 
the  effectiveness  of  milling  of  rubber. 

Thermal  Conductivity  of  Elastomer  Vulcanizate 

The  rate  at  wliich  heat  can  get  Into  and  out  of  rubber, 

I.e.,  Its  thermal  conductivity,  controls,  many  applications. 

It  affects  the  design  of  processing  machinery  and  controls  the 
speed  of  many  mixing,  extruding,  and  molding  operations. 

Although  various  methods  for  thermal  conductivity  measurements 
are  well  documented  in  the  literature  (202-206),  including  the 
widely  accepted  ASTM  procedure  (207),  there  remains  a  demand 
for  rapid,  versatile  techniques  for  routine  scouting  research 
where  requirement  for  sample  preparation,  temperature  equlllb- 
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FIGURE  13.  TMA  w«  .  VICAT  Tt»t  on  PolyyrttMn#  Elistomtr  (200). 


ration,  and  Instrument  operutlon  are  less  stringent.  Based  on 
some  earlier  attempts  to  utilize  differential  scanning 
calorimetry  (208-211),  Sircar  et  a1 , ,  (212)  described  a  simple 
attachment  to  the  OuPont  Differential  Scanning  Calorimeter 
(DSC)  cell  for  such  measu'^ements,  without  altering  the  base 
equipment.  In  contrast  to  the  ASTM  procedures,  which  require 
large  samples  and  hours  or  days  for  a  determination,  the  DSC 
procedure  requires  a  relatively  small  amount  of  sample  and 
takes  only  a  few  minutes  for  each  determination  of  thermal 
conductivity.  A  further  advantage  of  the  DSC  method  1$  that 
the  specific  neat  can  be  readl'y  determined  by  the  same  unit, 
and  If  the  specific  gravity  Is  known,  the  thermal  diffusivlty, 
qt  can  be  obtained  from  the  relationship  c  ,  where 

thermal  conductivity,  o  -specific  gravity,  C  -^specific  heat 
at  constant  pressure.  Beca..j  of  the  required  retention  of 
size  and  shape  of  the  sample,  the  method  Is  not  suitable  for 
unvulcanized  compounds. 

The  thermal  conductivity  assembly  and  the  method  are  shown 
In  Figures  14  and  15.  A  finite  quantity  of  heat  flux,  dep'*ndent 
on  the  temperature  of  measurement,  Ij,  Is  generated  by  the  DSC 
unit.  This  flux  travels  through  the  sc.xnle  H  (Figure  14) 
to  the  copper  conducter,  8,  wh’ch  at  the  ' op  is  surrounded  by 
the  aluminum  heat  sink,  0.  Temperature  at  the  top  of  the 
sample  Is  measured  with  an  Iron-constant  thermocouple  reaching 
through  a  1/8  Inch  hole  In  thw  copper  conductor.  The  thermal 
conductivity  of  a  cylindrical  specimen  Is  determined  *»* '.h 
respect  to  a  standard,  by  using  th-  following  equation; 
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Thanal  conductivity  MaMibly.  A>  th«rBocoupl«>  >,  cepp«r  conductort 
C,  cenvwction  fhitldi  0>  alkSiinuM  h«4t  ainki  at**!  cev«r> 
r,  ft««l  sp«c«rr  C.  vindowt  H.  twipUi  t.  tranait*  covari 
J,  DSC  call)  K.  rafaranc*  platfotaii  L,  aaaipla  platfora. 


FIGURE  14.  Thtrtial  ConducilvUy  Asswbly  («)  Thtrwocoupl #;  (b)  Coppar 
Conductor;  (c)  Convactlon  Shlald;  (d>  A’umlnuia  Haat  Sink; 
(«)  Steap  Cover;  (f)  Staal  Spacar;  (g)  Window;  (h)  Sampla; 
(1)  Transita  tovar;  (J)  OSC  Call;  (k)  Rafaranca  Platform; 
(1)  Sampla  Platform  (212). 
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where  s  and  r  represent  the  sample  and  the  reference  standard 
(NR  gum)  respectively;  ^  ■  thermal  conductivity,  W/mk;  h  • 
chart  deflection  (measured  distance  between  recorder  zero  and 
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FISjJRLii.'  OSC  Conductivity  Mtthod  (212). 


signal  curve),  twi;  S  ■  y  axis  sensitivity,  mv/cm;  L  ■  specimen 
length,  mm;  A  ■  specimen  cross-sectional  area  ■  0.7850^;  0  ■ 
diameter  of  the  specimen,  mm;  T  -  temperature  differential 
(T.-Tp);  ■  temperature  at  the  bottom  of  the  specimen,  *C, 

and  li  •  temperature  at  the  top  of  the  specimen,  ‘C.  Figure  16 
shows  the  effect  of  black  loading  on  thermal  conductivity  of  a 
bladder  compound,  the  thermal  conductivity  data  as  determined 
by  this  method,  of  some  known  materials  compares  favorably  with 
those  In  the  literature.  Improved  results  are  obtained  when  \ 
of  the  standard  Is  not  too  far  apart  from  that  of  the  sample. 
The  method  Is  recommended  to  polymer  and  rubber  processors. 

Electrothermal  Analysis 

The  determination  of  electrical  properties  of  polymers  as  a 
function  of  temperature  generally  Involves  discrete  electrical 
readings  or.  samples  heated  in  an  oven.  Such  tests  are  tedious, 
time  consuming,  andvwquire  fairly  large  polymer  samples. 
Following  the  lead  of  Chiu  (213),  Sircar  and  coworkers  modified 
a  DuPont  OSC,  without  any  permanent  alterations  so  that  It  can 


98 


PISURE  16.  Effect  of  N-299  Black  on  Thermal  Conductivity  of  a  Bladder 
Compound  (212), 

record  resistivity  as  a  function  of  temperature  (120  to  500®C). 
The  method  was  termed  electrothermal  analysis  by  Chiu.  The 
modified  DSC  cell  and  the  schematic  are  Illustrated  In  Figure  17. 
Sircar  (214,  215)  used  this  method  to  determine  the  relationship 
of  resistivity,  with  temperature  of  carbon  black  filled  polymers. 
Figure  18  shows  the  resistivity  vs.  concentration  of  N-472  carbon 
black  In  EVA.  The  equipment  was  also  used  for  quick  scanning  of 
different  polymers  and  compounds  for  their  usefulness  as  PTC 
(positive  temperature  coefficiert  of  resistance)  materials  (215). 


Prospect  of  Thermal  Arralysis  In  Elastomer  Systems 

There  has  been  an  extraordinary  Increase  In  the  applica¬ 
tions  of  the  two  main  thermal  analysis  techniques  (DTA  or  DSC 
and  TG)  in  the  physics  and  chemistry  of  elastomers  in  the  last 
ten  years.  This  Is  due  to  several  circumstances.  The  most 
important  being  the  availability  of  commercial  instruments. 

The  design  of  sensitive  and  precise  automatic  equipment 
eliminated  the  disadvantages  of  polymers  as  objects  for  thermal 
analysis  (low  thermal  conductivity,  low  phase  transition  heats, 
thermal  gradient  in  measuring  cells).  Thermal  analysis  ap¬ 
paratus  suitable  for  polymer  research  are  offered  at  present  by 
several  tens  of  producers,  and  these  apparatus  have  become 
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A 


C«ll  for  ETA  m«Mur«m«ot.  (A)  Copp«r  conductor.  (B)  (print,  (C)  •locuodc, 
(D)  fUM  c(piUsry,  fE)  cxtcncton  tub«,  (P)  DSC  ceil.  (C)  rtf.  platform.  (H)  tunplt 
platform.  (I)  flau  tiidt.  (J)  aabaatoa  pad.  (K)  Pt  foil,  (L)  lampla,  (M)  lead  waifht,  (N) 
clear  plexifiaaa  cover.  (O)  aluminium  cover,  (P)  terminal  connection,  (Q)  glaaa  bell. 


B 


FIGURE  17.  Electro  Thermal  Analysis:  A  •  Cell  for  ETA  Measurement 
(a)  Copper  Conductor;  (b)  Spring;  (c)  Pt  Electrode; 

(d.)  Glass  Capillary;  (e)  Extension  Tube;  (f)  DSC  Cell; 

(g)  Reference  Platform;  (h)  Sample  Platform;  (1)  Glass 
Slide;  (j)  Asbestos  Pad;  (k)  Pt.  Foil;  (1)  Sample; 

(m)  Lead  Weight;  (n)  Clear  Plexlolass  Cover;  (o)  Aluminum 
Cover;  (p)  Terminal  Connection;  (q)  Glass  Bell  (214);  B  - 
Schematic  for  ETA  Measurements  (214). 
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FIGURE  18.  Electrothermal  Analysis  of  Carbon  Loaded  EVA  (215). 


virtually  standard  equipment  in  laboratories  studying  the 
properties  of  elastomers  from  different  aspects. 

Thermal  analysis  is  getting  into  all  phases  of  the  in¬ 
dustrial  laboratory  work— research,  quality  control,  process 
control,  technical  service.  Most  of  these  applications  remain 
a  trade  secret  and  are  not  reported.  Maurer  (13,14)  cites  a 
few  examples  of  the  application  of  thermal  analysis  in  quality, 
process,  and  product  control  in  elastomer  industries.  Many 
others  are  available  in  the  instrument  manufacturers' 
literature. 

DSC  has  virtually  replaced  the  classical  melting  point 
apparatus  for  the  determination  of  melting  of  polymers. 

Already  there  are  a  lot  of  uses  for  this  very  simple 
determination.  An  example  is  the  polyethylene  bag  being  dumped 
in  the  Banbury  batch  along  with  the  contents  (e.g.,  carbon 
black).  The  melting  point  of  this  bag,  which  can  be  determined 
by  DSC  in  15  minutes,  is  critical  for  its  proper  dispersion  at 
the  processing  temperature. 
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A  processing  problem  such  as  micro41ncrustat1ons  in  a 
customer's  polymer  film  was  traced  by  OSC  to  be  due  to  undis¬ 
persed  Initiator,  which  would  severely ! reduce  the  area  of  the 
melting  endotherm.  These  uses  of  the  thermal  analysis  in 
quality,  process  and  product  control  are  being  spurred  by  the 
availability  of  quality  control  related  cheaper  equipment. 
Brazier  (15)  thinks  that  Increased  acceptance  of  these  methods 
will  depend  in  part  on  the  development  of  more  rugged  equipment 
which  is  better  suited  to  the  factory  Environment.  In  addi  • 
tion,  he  believes  that  more  general  acceptance  of  these  methods 
will  require  in  some  cases  an  incubation  period  during  which 
the  industry  becomes  familiar  with  the  techniques  and  then 
slowly  displace  some  of  the  traditional  methods  of  analysis. 

From  time  to  time  new  applications^ appear— for  Instance, 
estimatin  of  the  molecular  weight  of  polytetrafluoro  ethylene 
by  DSC  (216)  on  the  basis  of  the  relationship  between  molecular 
weight  and  heat  of  crystallization.  Another  instance  is  the 
recent  use  of  OTA  to  study  the  intermolecular  bonding  and 
morphology  of  the  thermo-plastic  polyurethane.  The  study  gives 
Information  as  to  the  optimum  injection  molding  temperature-- 
which  gives  best  tensile,  hysteresis,  and  fatigue  properties 
(217).  Certainly  we  can  expect  such  new  applications  as  well 
as  a  further  quantitative  extension  of  the  main  fields  of 
application  of  DSC  in  the  study  of  phaSe  transitions,  and  of  T6 
in  the  evaluation  of  the  thermal  stabilities  and  degradation  of 
polymers.  Novel  ideas  of  hazard  evaluation  foi'iC  thei** 
way  in  completely  new  equipment  as  the  "Accelerating  Rate 
Calorimeter"  (218).  More  demand  is  also  expected  for  TMA  for 
the  various  uses  mentined.  In  the  author's  opinion,  TMA  is 
under  utilized  at  present  and  its  potential  is  only  beginning 
to  be  realized.  < 

As  regards  the  possibilities  of  the  particular  TA  tech¬ 
niques,  the  most  promising  appear  to  be  the  quantitative  DTA  or 
the  DSC  technique.  Classical  OTA  has  now  been  almost  com¬ 
pletely  replaced  by  DSC  and  there  does  not  seem  to  be  any 
future  for  the  former  except  for  very  high  temperature  (over 
650®C),  where  design  capability  of  some  models  limit  the  high 
temperature  capability  for  DSC.  OSC  is  fast  becoming  an  impor¬ 
tant  tool  for  the  investigation  of  a  wide  range  of  properties, 
phenomenon,  snd  processes  in  polymers.  There  are  fields  in 
which  it  has  not  fulfilled  its  expectations.  One  is  the 
measurement  of  heat  capacities  of  elastomers,  although  such 
measurements  in  other  polymers  have  been  reviewed  (219).  DSC 
can  be  routinely  used  for  this  purpose  instead  of  adtabetic 
calorimeters.  This  would  enable  the  rapid  accumulation  of  the 
great  mass  of  data  necessary  for  the  interpretation  of  the 
relation  between  the  structure  and  heat  capacity  of  polymers. 
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The  survey  of  the  literature  by  Gomory  (220)  does  not  confirm 
this  expectation.  Another  would  be  the  application  of  degrada¬ 
tion  kinetics  (DSC,  TG)  in  the  prediction  of  service  life. 
Although  non-isothermal  kinetics  have,  in  general,  attained 
great  success,  this  has  not  trickled  into  the  product 
applications. 

The  different  hew  methods  of  analyses  of  elastomers  have 
not  yet  found  their  way  into  specifications.  This  will  come 
with  the  familiarity  of  the  methods.  The  author  used  the 
different  identification  procedures  mentioned  earlier  as  a 
routine  process  for  the  identification  of  elastomers  and  blends 
in  rubber  products.  Dual itative  determination  of  the  unknown 
recipe  by  combined  DSC  (for  identification)  and  TG-DTG  (for 
identification  and  quantitative  evaluation)  is  believed  to  be, 
getting  popular.  It  is  only  a  matter  of  time  until  these  get 
into  specifications. 

Another  particular  advantage  of  the  DSC  technique  is  the 
comparative  ease  with  which  it  can  be  adapted  to  measure  other 
responses.  One,  is  the  measurement  of  thermal  conductivity.  In 
view  of  the  energy  shortage  and  more  awareness  of  heat  conser¬ 
vation,  there  wi,ll  be  a  great  demand  for  heat  conductivity 
data.  The  relative  values  of  thermal  conductivity  can  be  very 
rapidly  obtained  by  a  simple  modification  of  DSC  (211).  This, 
along  with  the  heat  capacity  data  30  easily  obtained  from  DSC, 
will  allow  the  calculation  of  thermal  diffusivity  which  is  of 
importance  in  industrial  processes  such  as  vulcanization. 

Another  modification  of  DSC  which  measures  electrical 
conductivity  (213)  has  successfully  been  used  by  the  author  to 
determine  thermal  stability  of  elastomers  (214)  and  to  study 
positive  temperature  coefficient  of  resistance  of  carbon  black 
loaded  EVA  (215).  Such  uses  are  expected  to  fluorish. 

High  pressure  DSC  is  also  commercially  available  but  has  not 
gained  popularity  except  for  special  applications,. 

The  coupled  simultaneous  techniques,  i.e.,  combination  of 
TA  with  some  other  method  of  structure  analysis  (mass 
spectrometry,  gas  chromatography,  infrared)  have  great  poten¬ 
tial  but  probably  suffer  from  the  non-availability  of 
commercially  coupled  instruments. 

Recently,  microprocessors  have  greatly  improved  the  sen¬ 
sitivity  and  resolution  of  commercial  instruments. 

Computerized  data  recording  and  storing  capability  have  also 
been  features  of  the  new  instruments.  These  developments  will 
greatly  expand  the  horizon  of  application  of  thermal  analysis 
in  the  elastomer  system  for  years  to  come. 
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GLOSSARY  OF  ABBREVIATIONS 


Abbreviation 
BR 
SBR 
NR  , 

IR 

I-IR 

EPM 

EPDM 

CR 

NBR 

CIIR 

BUR 

PMMA 

PE 

PP 

CSM 

ABS 

EVA 

PVC 

ACM 

FKM 

CO 

ECO 


_ Description  of  Chemical  Name _ 

Poly (butadiene)  rubber 
Styrene  -  butadiene  rubber 
Natural  rubber 
Poly(isoprene)  rubber 
Isobutene-isoprene  or  butyl  rubber 
Ethylene-propylene  rubber  (saturated) 
Ethylene-propylene-diene  rubber 
Poly  (chloroprene)  rubber 
Nitrilei-butadiene  rubber 
Chlorobutyl  rubber 
Bromobutyl  rubber, 

Po 1 y (methyl methacry 1  a  te ) 

Polyethylene 

Polypropylene 

Chloro-sulfonated  polyethylene  (Hypalon) 
Acryl oni tri 1 e-butadi ene-styrene  polymer 
Ethylene-vinyl  acetate  co-polymer 
Poly(vinyl  chloride) 

Poly (acrylates) 

Fluoroelastomers 
Epichlorohydrin  Polymer 
Epichlorohydrin-ethylene  oxide  copolymer 
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GLOSSARY  OF  ABBREVIATIONS  (confd) 


Abbreviation 

DTA 

DSC 

OOSC 

TMA 

DTMA 

TG 

DTG 

GC 


Description  of  Chemical  Name 

Differential  Thennal  Analysis 
Differential  Scanning  Caloriinetry 
Derivative  DSC 
Thermotnechanical  Analysis 
Derivative  TMA 
Thermogravimetry 
Derivative  Thermogravimetry 
Gas  Chromatography 
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THE  CHROMATOGRAPHIC  ANALYSIS  OF  ELASTOMERS 


D.  McIntyre 

Institute  of  Polymer  Science,  University  of  Akron,  Akron,  Ohio 
44325 


The  most  frequently  used  analytical  method  of  analyzing 
molecular  weights  of  elastomers  Is  GPC.  The  analysis  of 
natural  rubber  and  other  high  molecular  weight  polymers  will  be 
discussed.  Applications  of  these  measurements  to  the  thermal 
degradation  of  rubber  have  been  made.  Also,  results  from  a  new 
method  of  membrane  viscometry  are  to  be  presented  In  terms  of 
Its  possible  use  in  evaluating  other  parameters  such  as 
microqel. 
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POLY(FLUOROALKOXYPHOSPHAZENE)  ELASTOMERS  —  PERFORMANCE 
PROFILE* 


JEFFREY  T.  BOOKS 

Ethyl  Corporation,  Baton  Rouge,  Louisiana  70898 


INTRODUCTION 


Fluoroalkoxy  substituted  phosphonitrilic  polymers 
have  been  known  for  fifteen  years  1  but  have  seen  limited  use 
due  to  cost  and  supply  limitations.,  As  the  elastomer  is  now 
commercial,  it  seems  apprbpriate  to  review  the  characteristics 
of  these  materials. 


CHEMISTRY 

Phosphazene  elastomers  are  synthesized  in  two  steps. 
First,  a  linear  chloropolymer  (-PCl2=N-)x  is  prepared,  nor¬ 
mally  from  the  cyclic  trimer  (Figure  1). 

Secondly,  the  chlorine  atoms  are  replaced  with  organic 
substituents.  Note  this  process  allows  independent  control  of 
molecular  weight,  substituents,  and  substituent  ratio.  A  wide 
variety  of  substituent?  has  been  examined,  including  alcohols, 
amines,  and  phenols.2»J  This  paper  will  confine  itself  to  the 
commercial  phosphonitrilic  fluoroelastomer  (Figure  2),  for¬ 
merly  trademarked  PNF^  by  the  Firestone  Tire  and  Rubber 
Company  and  which  Ethyl  Corporation  will  produce  and  sell  as 
EYPEL"-iF  phosphonitrilic  fluoroelastomer.  Significant  early 
research  on  the  synthesis,  characterization  and  properties  of 
these  materials  was  conducted  by  or  under  contract  to  The  Army 
Materials  and  Mechanics  Research  Center. ^ 

This  elastomer  is  substituted  with  two  fluoroalcohols, 
trifluoroethanol  and  H0CH2(CF2CF2)i  oH.  Nominally  65  mole 
percent  trifluoroethanol  is  used'^anS  a  small  amount  of  an 
unsaturation  site  is  also  incorporated.  This  yields  a  gum  with 
54  weight  percent  fluorine  and  1.4  percent  hydrogen.  The 
backbone  contains  only  phosphorus  and  nitrogen  and  is 


♦Based  on  a  paper  presented  at  the  127th  Meeting  of 
the  ACS  Rubber  Division. 
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Cl 


Cl 

N 


Cl 

N 


CL. 


FIGURE  1.  Synthesis  of  linear  chloropolymer. 


=  CF3CH2  - 

R2  -  H(CF2CF2)i_3CH2- 


FIGURE  2.  Substitution  of  chloropolymer  to  form  FZ  elastomer. 


insensitive  to  oxidative  attack  from  oxygen  or  ozone. 

Carbon  black  filled,  silica  filled,  and  mixed  filler 
compounds  are  available  providing  compounds  with  durometers 
from  40-85A.  Curing  is  accomplished  through  conventional 
peroxides.  The  characteristics  of  these  comoound  types  will 
be  exemplified  in  the  following  sections. 
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EXPERIMENTAL 


Fluoroalkoxyphosphazene  compounds  were  obtained  from 
the  Firestone  Tire  and  Rubber  Co.  This  elastomer  is  identi¬ 
fied  as  FZ  in  ASTM  nomenclature.  The  compounds  used  are 
identified  as  follows: 


EYPEL-F 

7506 

(PNF  275-006) 

FZ  1 

EYPLL-F 

7003 

(PNF  270-003) 

FZ  2 

EYPEL-F 

8009 

(PNF  280-009) 

FZ  3 

EYPEL-F 

son 

(PNF  280-011) 

FZ  4 

Tensile  properties  were  obtained  using  cut  rings 
following  ASTM  D412,  Method  B.  Compression  set  values  were 
obtained  using  Type  1  buttons  following  Method  B  of  AStM  D395. 
Fluid  compatibility  characteristics  were  evaluated  using 
ASTM  D471. 

Dynamic  moduli  were  obtained  using  a  Polymer  Labora¬ 
tories  instrument.  Samples  were  run  either  in  tensile  or 
shear  mode  and  were  run  at  1  HZ  and  a  scanning  rate  of  5®C/ 
minute. 


Tests  for  sour  crude  oil  resistance  followed  a  vari¬ 
ation  of  the  National  Association  of  Corrosion  Engineers 
(NACE)  Draft  T-lG-17.  The  simulated  crude  oil  (a  hexane, 
octane,  decane,  toluene  mixture)  occupied  60%  of  the  pressure 
vessel  volume.  Water  occupied  5%  of  the  vessel  volume.  Cut 
ring  samples  were  suspended  in  the  hydrocarbon  phase.  A  mix¬ 
ture  of  5%  COo,  20%  H-S,  and  75%  CH.  was  added  to  the  vessel 
at  a  pressure^sufficient  to  achievers. 2-6. 9  MPa  (900-1000  psi) 
at  100®C.  The  test  was  terminated  after  168  hours  exposure 
and  samples  were  tested  within  two  hours  of  removal  from  the 
pressure  vessel. 


INITIAL  PROPERTIES 


Properties  obtained  with  several  classes  of  FZ 
compounds  are  tabulated  in  Table  K  Compounds  FZ  2  and  3 
are  silica  filled  materials.  Compound  FZ  4  is  carbon 
reinforced,  while  FZ  1  contains  both  silica  and  carbon. 

In  general,  they  have  high  initial  moduli.  Carbon  filled 
compounds  have  somewhat  higher  tensile  moduli  and  strength 
than  those  containing  silica.  The  low  compression  set 
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TABLE  1 

NQfllNAL  PHYSICAL.  P,RQPERII£S..QE..£Q!1R  .FU;.9mN.D.S 


FZ  1 

FZ  2 

FZ  3 

FZ  4 

501?  Tensile 

3.5 

2.7 

3.9 

5.0 

Modulus,  MPa  (psl) 

(510) 

(400) 

(570) 

(730) 

ICOX  Tensile 

8.6 

6.6 

8.2 

Modulus,  MPa  (psl) 

( 1240) 

(979) 

(1200) 

Tensile  Strength, 

9.5 

8.9 

8.7 

12.3 

MPa  (psl) 

(1370) 

(1300) 

(1270) 

(1780) 

ELONGATION,  Z 

110 

135 

100 

110 

DUROMETER,  . 

Shore  A 

74 

68 

80 

75 

Compression  Set,  Z 

(70  hr.  14900 

23 

27 

23 

25 

values  are  an  indication  of  their  suitability  at  moderately 
high  use  temperatures. 


USE  TEMPERATURE  RANGE 


The  useful  temperature  range  of  FZ  elastomers  spans 
?  broad  range  of  applications.  The  glass  transition  tempera¬ 
ture  of  the  polymer  is  -64°C  by  DSC.  Brittle  Point  and 
Clash  Berg  TIO.OOO  values  of  FZ  compounds  are  usually  in  the 
vicinity  of  -55^  to  -50°C.  Thus  unplasticized  compounds 
can  perform  at  the  temperature  extremes  seen  in  Arctic 
service  and  in  high  altitude  aircraft  use. 

Plots  of  tensile  dynamic  storage  modulus  and  loss 
modulus  are  given  for  two  compounds  in  Figures  3  and  4.  It 
can  be  seen  that  the  modulus  and  loss  modulus  are  essentially 
invariant  from  ambient  to  200°C  at  the  test  frequency.  Thus 
the  modulus  and  vibration  dampening  behavior  remain  nearly 
constant  over  this  temperature  range  at  low  deformations  and 
deformation  rates. 
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The  variation  of  ultimate  properties  with  tempera¬ 
tures  to  175°C  Is  given  In  Figure  5  for  two  compounds.  The 
ultimate  properties  vary  more  strongly  with  temperature  than 
the  dynamic  moduli  but  less  strongly  than  many  elastomers 
witn  higher  Tg  values.  The  good  high  temperature  strength 
retention  aids  demolding  at  cure  temperature  as  well  as  pro¬ 
viding  toughness  In  high  temperature  use. 

Retention  of  tensile  properties  at  elevated 
temperature  has  been  studied  with  F2  2,  a  silica  filled 
compound.  The  tensile  strength  decay  approximately  follows 
first  order  kinetics  (Figures  6  and  7).  FZ  2  Is  seen  to 
retain  over  50%  of  its  tensile  strength  for  1000  hours  at 
175°C.  An  Arrhenius  plot  (Figure  7)  provides  half  life  data 
In  the  range  of  150°  to  200°C. 


FLUID  COMPATIBILITY 


FZ  elastomers  are,  not  surprisingly,  little  affected 
by  hydrocarbon  fuels  or  hydraulic  fluids.  Polar  organics 


FIGURE  G.  Temperature  dependence  of  tensile  strength  for 
PI?and  FZ  3. 
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FIGURE  6.  Tensile  strength  retention  after  aging  at 
elevated  temperatures. 


swell  these  materials  significantly  more.  Methanol,  lower 
ketones,  and  dimethyl  formamice  are  solvents  for  FZ,  and 
thus  swell  the  vulcanizate  dramatically.  FZ  shares  these 
solubility  characteristics  with  other  fluoroelastomers  but 
is  uniquely  unaffected  by  aromatic  solvents  (Table  2). 

One  service  environment  getting  much  attention 
lately  is  oilfield  wellhead  service.  Crude  oil  and  gas 
exploration  and  production  are  occurring  in  ever  more  ex¬ 
treme  conditions.  Oils  containing  H-S,  CO-,  H-O,  and 
especially  those  containing  amines  to  counteract  the  corro¬ 
sive  effects  of  this  acid  service,  provide  a  severe  chal¬ 
lenge  to  any  elastomer.  FZ  4  provides  property  retention 
in  a  sour  crude  environment,  as  evidenced  by  results 
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.0020  .0022  ■  .0C21J 

TEMPERATURE  (1/*K) 

FIGURE  7.  Time  for  50%  retention  of  tfenslle  strength. 


TABLE  2 

VOLUflE  SWELL  OF  FZ  2  In  SEVERAL  FLUIDS  AFTER  ONE 
WEEK  AT  230C _ 

ASTfl  Fuel  C  12X 

(505  Toluene/505  Trl- 
nethyl  pentane) 


ASTM  #3  011 

05 

Ethyl  Acetate 

1675 

Methylene  Chloride 

185 

Toluene 

,  135 
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obtained  in  a  modified  NACE  procedure  (Table  3).  In 
addition,  this  resistance  is  coupled  with  the  low  tempera 
ture  flexibility  necessary  in  Arctic  applications. 

TABLE  3 

RETENTION  OF  TENSILE  PROPERTIES  IN  A  SIMULATED  SOUR 


CRUDE  ENVIRONMEiHT _ 

Test  Temperature  lOQOC 

SOX  Modulus,  MPa  5.0 

X  Retained  89 

Tensile  Strength,  MPa  12.3 

X  Retained  68 

Elongation,  X  110 

X  Retained  92 

Durometer  Shore  A  75 


APPLICATIONS 

FZ  elastomers  have  been  used  where  their  combina¬ 
tion  of  use  temperature  range,  fluid  resistance,  fatigue 
resistance,  tear  strength,  abrasion  resistance  are  critical 
These  include  hydraulic  seals  in  fighter  aircraft  where 
nitrile  seals  have  failed  due  to  embrittlement  at  high 
temperature.  Vibration  mounts  for  instruments  on  Jet  en¬ 
gines  take  advantage  of  the  temperature  and  fuel  resistance 
as  well  as  the  vibration  dampening  characteristics  of  FZ. 

The  hydrocarbon  resistance,  fatigue  resistance,  and 
low  temperature  flexibility  of  FZ  compounds  have  proven 
useful  in  surge  suppressors  in  liquefied  natural  gas  pipeli 
service. 


Fatigue  resistance  of  a  FZ  compound  is  the  principal 
attribute  necessary  in  an  air  filter  seal  on  the  turbine 
engine  for  the  M-1  battle  tank.  Seals  of  other  rubbers  had 
failed,  leading  to  catastrophic  engine  failures. 

Future  applications  will  continue  to  benefit  from 
FZ's  combination  of  use  temperature  range,  nonpolar  and 
aromatic  fluids  resistance,  fatigue  life,  and  vibration 
dampening  characteristics. 
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A  RATIONAL  APPROACH  TO  ELASTOMER  COMPOUND  DEVELOPMENT 


GEORGE  C.  DERRINGER 

Battelle  Columbus  Division,  505  King  Avenue,  Columbus,  Ohio 
43201 


INTRODUCTION 


In  developing  a  "clean  sheet"  elastomer  formulation  the 
compounder  is  faced  with  numerous  choices.  In  a  typical  exam¬ 
ple  there  may  be  four  candidate  polymer  types,  ten  candidate 
filler  systems,  and  five  types  of  plasticizer.  The  total  num¬ 
ber  of  combinations  of  just  these  three  ingredients  is  200  and 
variable  levels  have  not  yet  been  considered.  If  only  three 
levels  of  each  candidate  material,  are  evaluated  the  number  of 
possible  formulations  is  5400.  When  the  remaining  ingredient 
types  and  levels  are  added  to  this  the  complexity  of  the  prob¬ 
lem  becomes  truly  immense.  Given  such  complexity  it  is  hard  to 
fault  the  compounder  for  using  the  "Edisonian"  approaches  to 
formulation  development  most  commonly  used  today. 

Edisonian  approaches,  however,  are  typically  costly  and 
are  therefore  often  impractical  in  today's  environment  of  lim¬ 
ited  research  and  development  funding.  Statistical  approaches 
to  formulation  design  have  been  shown  to  be  efficient  and  cost- 
effective  in  comparison  to  "Edisonian"  one-variable-at-a-time 
(OVAT)  approaches  (1,  2,  3).  In  a  large  program  such  as  a 
"clean  sheet"  elastomer  development  program,  however,  a  judi¬ 
cious  mix  of  the  appropriate  types  of  statistical  experimental 
designs  along  with  appropriate  statistical  analyses  is  manda¬ 
tory.  How  to  achieve  such  a  mix  is  the  subject  of  this  paper. 


OBSTACLES  TO  BE  OVERCOME 


A  methodology  for  development  of  a  "clean  sheet"  elastomer 
formulation  must  address  obstacles  which  in  the  form  of  three 
questions  are; 

1)  How  can  two  or  more  elastomer  compounds  be  compared 
across  several  properties  of  Interest? 

2)  How  can  different  elastomers  be  compared  given  the 
broad  spectrums  of  properties  obtainable  with  various 
ingredient  types  and  levels? 

3)  Once  elastomer  and  ingredient  types  are  chosen,  how 
can  the  formulation  be  optimized  to  get  all  of  the 
properties  of  interest  into  their  required  windows? 
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COMPARING  COMPOUNDS  ACROSS  SEVERAL  PROPERTIES 

! 

Suppose  we  have  several  unrelated  elastoner  formulations 
along  with  the  properties  of  interest.  The  first  thing  that 
must  be  done  Is  to  translate  property  levels  to  a  0  to  1.0 
desirability  scale  which  represents  how  any  property  level 
translates  Into  actual  utility  In  the  Intended  application.  On 
the  desirability  scale  0  corresponds  to  a  property  level  which 
would  make  the  product  useless.  A  desirability  of  1.0  repre¬ 
sents  a  property  level  which  Cannot  be  Improved  upon,  again  for 
the  intended  application.  Intermediate  desirability  levels 
correspond  to  Intermediate  utility. 

A  desirability  function  can  be  defined  as  a  table,  graph, 
equation,  or  any  set  of  rules  which  transforms  a  property  level 
to  a  0  to  1.0  desirability  scile.  Figure  1  illustrates  the 
concept.  The  three  granhs  (Figure  la)  translate  tensile 
strength,  hardness,  and  elongition  at  break  to  corresponding 
desirability  values.  For  example,  for  a  tensile  value  of 
2000  psi  we  would  simply  read  the  corresponding  desirability 
value  off  the  y-axis  as  shown.  The  D  value  is  approximately 
0.75.  The  table  under  the  graphs  (Figure  lb)  presents  tensile, 
hardness,  and  elongation  datalfor  four  candidate  formulations. 
Beside  each  property  level  Is  the  corresponding  desirability 
value  taken  from  the  graphs.  |For  example.  Formulation  1 
exhibits  desirabilities  of  0.6,  0.07,  and  0.67  for  tensile, 
hardness,  and  elongation,  respectively. 

To  get  a  single  measure  if  performance  the  Individual 
desirabilities  are  combined  Into  a  composite  desirability  0 
using  the  geometric  mean  of  the  individual  desirabilities  as 
shown  In  the  equation  for  the  unweighted  case.  In  most 
Instances,  however,  different  elastomer  properties  are  not  of 
equal  importance.  Therefore,  weights  are  assigned  to  each 
property  and  are  shown  beside | each  graph.  Elongation  was 
judged  four  times  more  important  than  tensile,  and  hardness 
twice  as  Important.  The  weights  are  represented  by  exponents 
In  the  weighted  desirability  function  shown  at  the  bottom  of 
Figure  1.  The  last  two  columns  of  the  table  show  both  weighted 
and  unweighted  desirabilities*  For  the  unweighted  case  Formu¬ 
lation  1  with  0  =  0.304  is  the  best  formulation.  For  the 
weighted  case,  however,  Formujatlcn  3  Is  the  best  with  a  0 
value  of  0.384.  As  can  be  seen,  once  the  weights  and  desira¬ 
bility  functions  are  available.  It  Is  easy  to  translate  each 
formulation  to  a  single  number  representing  utility. 

Where,  however,  do  the  desirability  functions  and  weights 
come  from?  In  most  cases  they  rep'"esent  Individual  or  group 
judgments.  Often,  of  course,  a  specification  must  be  met  In 
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which  case  upper  and/or  lower  limits  will  be  dictated.  The 
shape  of  the  desirability  function,  however,  is  still  a  matter 
of  judgment.  Similarly,  the  property  weights  are  judgments,  in 
the  best  case,  from  a  consensus  of  individuals  most  closely 
associated  with  the  technology.  It  is  recommended  that  a  lot 
of  thought  be  given  to  the  weights  and  desirability  function 
shapes  because  if  these  judgments  are  not  the  best  available, 
the  methodology  will  not  produce  the  best  compound. 


COMPARING  ELASTOMER  TYPES 


Suppose  that  several  elastomer  types  are  judged  to  have 
the  potential  of  meeting  a  specific  application.  What  is  the 
most  efficient  way  of  selecting  the  best  candidate  given  the 
wide  range  of  properties  attainable  within  each  material?  This 
is  difficult  and  there  are  many  approaches.  The  approach 
recommended  involves  statistical  screening  designs.  Screening 
designs  are  patterms  of  experiments  which  permit  variable 
effects  to  be  elucidated  in  a  small  number  of  experiments 
(i.e.,  formulations).  A  simple  example  is  presented  in 
Figure  2.  Here  three  formulation  variables  are  studied  in  only 
four  formulations.  The  three  formulation  variables  are  (1) 
filler  level,  (2)  cure  system  level,  and  (3)  oil  level.  Each 
cell  represents  a  single  formulation.  For  example,  the  upper 
left  cell  corresponds  to  low  filler  level,  low  oil  level,  and 
low  cure  system  level.  In  screening  designs  such  as  this,  one 
generally  sets  each  variable  at  the  extremes  of  its  practical 
range.  In  that  way  the  full  potential  effect  of  each  variable 
is  elucidated. 


Filler  Level 

Low  (-)  High  (+) 


L 

O 

W 

H 

I 

G 

H 


Oil  =  Low 

Oi!  ^  High 

Oil  =  High 

Oil  =  Low 

FIGURE  2.  Four-run,  three-variable  screening  design. 
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Screening  designs  of  various  sizes  can  be  found  in  the 
literature  (1,  2,  3).  The  size  of  the  design  win  be  dictated 
by  the  number  of  ingredients  to  be  evaluated.  This  too  is  a 
matter  of  judgment  and  of  course  also  will  depend  upon  avail¬ 
able  assets.  An  eight-run  design  papable  of  evaluating  up  to 
seven  ingredients  is  shown  in  Figure  3.  The  columns  A,  B,  C, 

0,  E,  F,  and  G  represent  the  seven  variables  and  the  rows  of 
the  matrix  represent  formulations,  to  be  mixed.  The  plus  and 
minus  signs  represent  the  two  levels  of  each  ingredient  to  be 
evaluated.  It  should  be  noted  that  instead  of  levels,  types  of 
ingredient  may  be  used.  For  example,  two  types  of  cure  system, 
two  types  of  filler,  etc.,  may  be  used  for  any  of  the  column 
assignments.  Furthermore,  it  is  not  necessary  in  such  a 
screening  design  to  use  all  of  the  columns;  in  fact,  there  are 
advantages  to  leaving  some  of  them  unassigned. 

In  practice  this  part  of  the  methodology  involves  the 
following  steps: 

1)  Selecting  ingredients  to  be  studied  for  each  elastomer 
system  of  interest 

2)  Selecting  a  suitable  screening  design 

3)  Selecting  the  levels  (quantitative  or  qualitative)  for 
each  variable  (i.e.,  ingredient  or  group  of 
ingredients)  for  each  elastomer  type 

4)  Mixing  and  testing  the  indicated  formulations 

5)  Calculating  desirabilities  for  each  formulation 

6)  Selecting  the  most  promising  elastomer  type 


Formulations 

Variables 

A  B  C  D  E  F  G 

1 

— 

— 

+ 

+ 

+ 

2 

+ 

— 

— 

— 

+ 

+ 

3 

— 

+ 

— 

■  + 

— 

+ 

4 

+  ■ 

■31 

— 

+ 

5 

— 

a 

+ 

+ 

— 

— 

+ 

6 

+ 

— 

+ 

— 

+ 

7 

— 

+ 

+ 

■— 

— 

+ 

8 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

FIGURE  3.  Seven-variable,  eight-formulation  screening  design. 
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Example 


Suppose  that  elastomer  types  I,  II,  III,  and  IV  are 
candidates  and  that  for  each  system  the  three  ingredients 
judged  to  be  most  important  are  evaluated  as  described  above  in 
a  three-variable,  four-run  experiment.  The  results  might 
appear  as  in  Table  1.  The  three  variables  are  A,  B,  and  C,  and 
the  two  "levels"  of  each  are  denoted  as  Al,  A2;  Bl,  82;  and  Cl, 
C2.  The  identity  of  variables  A,  B,  and  C,  will  not  necessar¬ 
ily  be  the  same  for  all  four  elastomers  and  in  fact  usually 
will  not  be.  The  last  four  columns  then  each  represent  the 
four  calculated  composite  desirabilities  from  each  of  the  four 
screening  designs.  In  a  way  we  can  think  of  these  desirabili¬ 
ties  as  representing  the  potential  capability  for  each  elasto¬ 
mer  type  with  respect  to  the  target  application. 


TABLE  1 

SCREENING  RESULTS  FOR  THREE-VARIABLE.  FOUR-RUN  EXPERIMENT 


Formulation 

Variables 

Composite  O' 

s 

Elastomers 

m 

B 

C 

B 

II 

III 

IV 

1 

Al 

Bl 

C2 

0.0 

0.5 

0.8 

0.4 

2 

A2 

Bl 

Cl 

0.0 

0.4 

0.6 

0.5 

3 

Al 

B2 

Cl 

0.1 

0.0 

0.1 

0.5 

4 

A2 

i _ 

B2 

C2 

0.0 

0.0 

0.2 

0.3 

This  becomes  progressively  a  more  accurate  assessment  as  the 
size  of  the  screening  designs  is  increased.  In  this  example 
Elastomer  I  can -safely  be  eliminated  as  a  serious  candidate 
since  the  largest  0  value  was  0.1  and  three  of  the  four  values 
were  zero.  Elastomer  III  resulted  in  the  highest  single  desir¬ 
ability,  but  Elastomer  IV  resulted  in  the  highest  minimum 
desirability  so  defending  on  the  strategy  believed  to  be  most 
appropriate  either  III  or  IV  could  be  selected  for 
optimization. 
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FINE  TUNING  SELECTED  INGREDIENT  LEVELS 

Once  elastomer  and  ingredient  types  are  chosen,  we  should 
have  zeroed  In  on  one  or  two  promising  elastomer  types  for  fine 
tuning.  The  steps  in  the  fine  tuning  process  are  as  follows: 

1)  Select  ingredients  to  be  fine  tuned 

2)  Select  ranges  for  each  of  these  ingredients 

3)  Select  an  appropriate  (response  surface)  experimental 
design 

4)  Run  the  formulations  di^’^^ied  by  the  design 

5)  Fit  prediction  equatio.  .o  the  resulting  data  using 
multiple  linear  regression  analysis 

6)  Transform  each  property  desirability  curve  to  a 
mathematical  equation 

Use  a  computer  maximization  algorithm  to  maximize  the 
composite  desirability  function  over  the  independent 
(Ingredient)  variables. 


I  A  simplistic  example  of  these  steps  is  illustrated  in 
figure  4.  Suppose  we  have  evaluated  four  or  five  filler  levels 
in  order  to  arrive  at  mathematical  relationships  relating  vis¬ 
cosity  and  tensile  strength  to  filler  level.  These  relation- 
jships  are  shown  as  smooth  curves  in  Figure  4a  and  4b.  Now,  for 
feaCh  property  axis  the  curve  relating  property  to  desirability 
ns  drawn.  In  this  case  the  property  axis  becomes  the  abscissa 
for  the  desirability.  We  can  now  calculate  tensile  and  viscos¬ 
ity  desirabilities  given  only  a  specified  filler  level.  For 
example,  for  10  phr  filler  we  can  predict  viscosity  and  tensile 
by  drawing  vertical  lines  until  they  intersect  the  property 
curve.  We  get  approximately  63  and  800,  respectively.  Now 
from  these  points  on  the  property  curves  we  draw  horizontal 
lines  until  thay  intersect  the  desirability  curves.  For  vis¬ 
cosity  we  get  a  value  of  0.83,  and  for  tensile  a  value  of  about 
0.25.  The  composite,  unweighted  desirability  can  then  be  cal¬ 
culated  by  taking  the  geometric  mean  of  the  two  individual 
desirabilities.  This  value  turns  out  to  be  0.46. 
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a.  Viscosity  and  Its  Desirability  as  a  Function  of  Filler  Level 


b.  Tensile  and  Its  Desirability  as  a  Function  of  Filler  Level 


c.  Composite  Desirability  as  a  Function  of  Filler  Level 


FIGURE  4.  Viscosity,  tensile,  and  desirabilities  as  a  function 
of  filler  level. 
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This  operation  can  be  repeated  for  any  filler  level  within 
the  range  of  validity  of  the  property  versus  filler  curves 
(equations).  The  results  for  a  series  of  such  evaluations  can 
be  represented  as  a  single  curve  showing  composite  desirability 
as  a  function  of  filler  level  (Figure  4c).  This  curve  exhibits 
a  maximum  D  at  a  filler  level  of  approximately  10.5  phr. 
Therefore,  10.5  phr  represents  the  best  filler  level  given  the 
individual  desirability  relationships. 

In  general  such  fine  tuning  is  carried  out  over  two  or 
more  Ingredient  variables  and  over  5  to  15  property  variables 
including  In  most  cases,  cost.  It  Is  for  this  reason  that  the 
entire  procedure  must  be  translated  Into  mathematical  terms. 

The  mathematical  steps  Involved  are  as  follows: 


p  P 


1)  Yk  -  Bo  +  2  BiX,  +  22 

i-i  j«i  i»i 


2)  dK  -  fk  ( Yk) 


3)  D 


0^2  ^3 

di  •  d2  '  ds 


"<5 


(1/I«0 


In  Equation, I  each  property  variable  Is  represented  as  a 
polynomial  function,  normally  of  second  order,  of  the  Inde- 
pe'*dent  (I.e.,  Ingredient)  var<ab1es  denoted  as  subscripted 
X's.  In  Equation  1,  Y){  is  the  property  variable,  the  8's  are 

fitted  regression  coefficients  and  the  X^'s  are  ingredient 

variables.  The  relationships  are  obtained  by  fitting  the  prop¬ 
erty,  ingredient  variable  data  obtained  according  to  a  response 
surface  experimental  design  using  multiple  linear  regression 
analysis. 

In  Equation  2  the  relationships  between  desirability  and 
each  property  are  expressed  mathematically.  The  procedures  for 
doing  this  are  discussed  by  Derringer  (8)  and  Derringer  and 
Suich  (7). 

In  Equation  3  the  individual  desirabilities  d^  are 
combined  by  way  of  a  weighted  geometric  mean  into  a  composite 
desirability  0  as  discussed  in  an  earlier  section.  In  this 
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case  It  win  be  noted  that  since  D  Is  a  mathematical  function 
of  the  Individual  d^'s,  the  di's  are  mathematical  functions  of 

the  Y^'s  and  the  Y^'s  are  mathematical  functions  of  the  X^'s, 

1t  follows  that  D  Is  ultimately  a  mathematical  function  of  the 

individual  X's.  Therefore,  0  can  be  maximized  over  the  X 
variables  to  arrive  at  the  "optimal"  formulation.  ,A  plot  of 
such  a  0  function  Is  shown  In  Figure  5.  Here  the  top  of  the 
hill  represents  the  combination  of  HMM  and  RF  resins  which 
result  In  the  best  combination  of  three  properties  optimized  In 
the  example.  This  figure  Is  a  three  dimensional  version  of  the 
one  shown  In  Reference  8. 


CONCLUSIONS 

The  problem  of  building  an  elastomer  formulation  from 
scratch  Is  complex  and  can  easily  entail  thousands  of  choices 
by  the  elastomer  technologist.  In  common  practice,  practical 
formulations  usually  evolve  by  a  h1t-or-m1ss  strategy.  This  Is 
a  workable  approach  but  the  result  Is  usually  far  from  optimum. 
The  approach  outlined  In  this  paper,  although  It  too  has  defi¬ 
ciencies,  Is  more  systematic  and  gives  the  better  formulations 
the  best  chance  to  emerge. 
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ABSTRACT* 

The  goal  of  primary  Interest  In  these  Investigations  was 
the  development  of  novel  methods  for  preparing  elastomeric  net¬ 
works  having  unusually  good  ultimate  properties.  The  first 
technique  employed  Involves  endlinking  mixtures  of  very  short 
and  relatively  long  functionally-terminated  chains  to  give 
blmodal  networks.  Such  (unfilled)  elastomers  show  very  large 
Increases  In  reduced  stress  or  modulus  at  high  elongations 
because  of  the  very  limited  extensibility  of  the  short  chains 
present  in  the  networks.  The  second  technique  employs  the 
1n  situ  precipitation  of  reinforcing  silica  either  after, 
during,  or  before  network  formation.  The  reaction  Involves 
hydrolysis  of  tetraethylorthoslllcate  (TEOS),  using  a  variety 
of  catalysts  and  precipitation  conditions,  and  the  effective¬ 
ness  of  the  technique  Is  gauged  by  stress-strain  measureiwnts 
carried  out  to  yield  values  of  the  maximum  extensibility,  ulti¬ 
mate  strength,  and  energy  of  rupture  of  the  filled  networks. 
Information  on  the  filler  particles  thus  Introduced  Is  obtained 
from  oensity  determinations,  light  scattering  measurements,  and 
electron  microscopy. 


INTRODUCTION 


Preparing  an  elastomer  by  endlinking  polymer  chains 
permits  control  of  the  network  structure  (1,2),  In  particular 
the  network  chain  length  distribution.  One  Important  result  of 
this  new  synthetic  versatility  Is  the  ability  to  form  blmodal 
networks  which  consist  of  mixtures  of  very  short  and  relatively 
long  chains  (3-10).  Such  blmodal  elastomers  have  been  prepared 
from  poly(d1methyIs1 loxane)  (POMS)  (-S1 (CH3)20- 1  and  found  to 
have  unusually  good  ultimate  properties,  even  In  the  unfilled 
state,  as  Is  documented  In  the  present  review.  A  variety  of 
experimental  studies  show  that  this  Improvement  In  properties 
Is  primarily  due  to  the  very  limited  extensibility  of  the  short 
chains  present  In  the  networks  (5).  This  limited  extensibility 
and  Its  effects  on  elastomeric  properties  are  being  Investi¬ 
gated  using  a  non-Gausslan  theory  of  rubber-like  elasticity 
based  on  network  distribution  functions  generated  from  Monte 
Carlo  simulations  utilizing  rotational  Isomeric  state  Informa¬ 
tion  on  the  chains  of  Interest  (11-13). 


*  Reprinted  from  British  Polymer  Journal,  Vol.  17,  144,  1985. 
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Sllicd  may  be  prepared  by  the  hydrolysis 


S1(0C2H5)4  +  2H2O  *  Si02  +  4C2H5OH 


of  tetraethylorthosillcate  (TE0S)»  in  the  presence  of  any  of  a 
variety  of  catalysts.  There  are  three  techniques  by  which 
silica  thus  precipitated  can  be  used  to  reinforce  an  elasto¬ 
meric  material.  First,  an  already-cured  network,  for  example 
prepared  from  POMS,  may  be  swollen  in  TEOS  and  the  TEOS  hydro¬ 
lyzed  in  situ  (14-18).  Alternatively,  hydroxyl -terminated  POMS 
may  be  mixed  with  TEOS,  which  then  serves  simultaneously  to 
tetrafunctionally  endlink  the  POMS  into  a  network  structure  and 
to  act  as  a  source  of  Si02  upon  hydrolysis  (19-21).  Finally, 
TEOS  mixed  with  vinyl-terminated  POMS  can  be  hydrolyzed  to  give 
a  Si02 -filled  polymer  capable  of  subsequent  endlinking  by  means 
of  a  multifunctional  silane  (22).  Some  mechanical  properties 
of  typical  POMS  elastomers  reinforced  in  these  ways  are 
described,  as  are  results  on  the  average  size,  size 
distribution,  and  extent  of  agglomeration  of  the  filler 
particles  (15). 


BIMOOAL  NETWORKS 

Typical  Experimental  Results 

In  elongation  measurements,  the  elastomeric  quantity  of 
primary  Interest  is  the  reduced  stress  or  modulus  (3,23) 


lf*l  =  f*  /(a-o-2) 


(1) 


where  f*  =  f/A*  is  the  nominal  stress,  f  the  equilibrium 
elastic  force.  A*  the  undeformed  cross-sectional  area  of  the 
sample,  and  a»L/Li  the  relative  length  or  elongation.  It  is 
generally  plotted  as  a  function  of  reciprocal  elongation  as 
suggested  by  the  sem1-emp1r1cal  equation  of  Mooney  and 
Rivlin  (24,25) 


(f*l  -  2Ci  +  2C20-I 


(2) 


where  2Ci  and  2C2  are  constants  Independent  of  elongation. 

Some  typical  isotherms  obtained  for  bi modal  POMS  networks 
are  shown  in  Figure  I  (7).  Of  particular  interest  here  are  the 
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Fi*.  1  Slress-5(fain  ivjiherms  (25T)  in  the  Mooney-Rivlin  rcprfienli- 
lionfor  (iinfillfd)  PDMSbtmmlal  netwotli<  in  which  the  chon  chainc  have* 
numlicr-averaftc  molecular  wei^hl  of  (rf*)  g  mol  and  fhe  long  chains 
21.3*  10'  g  mol  '  ’  F.ach  curve  is  labelled  wiih  Ihe  mol  "S'  of  short  chains 
present  in  the  network  The  open  circles  locate  the  results  obtained  using  * 
series  of  increasing  values  of  the  elongation  n.  and  filled  circles  the  resul'S 
obtained  out  of  sequence  to  test  for  reversibility  The  short  eatensions  of 
the  linear  portions  of  the  ivitherms  help  locate  the  values  ofo  at  which  the 
upturn  in  (/*)  first  becomes  discernible  The  linear  portions  of  the 
isotherms  were  located  by  least-squares  analysis  ( Reprinted  from  ref  6  by 
courtesy  of  John  Wiley  A  Sons.  Inc.) 


large,  reversible  Increases  in  modulus  observed  at  high 
elongations. 

Origin  of  Improveinent  In  Properties 

The  observed  Increases  In  modulus  represent  an  Important 
Improvement  1n  the  ultimate  strength  of  an  elastomer,  and  their 
origin  is  therefore  of  considerable  Interest.  A  variety  of 
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experimental  studies  (4,5,9,10)  are  relevant  in  this  regard. 

The  effect  of  temperature  on  the  stress-strain  isotherms  is  of 
particular  importance  with  regard  to  the  possibility  of  strain- 
induced  crystallization  in  the  network.  Temperatures  were 
found  to  have  little  effect  on  the  elongation  at  which  the 
upturn  in  If*]  becomes  discernible,  the  elongation  at  rupture, 
and  the  magnitude  of  the  increase  in  [f*]  (5).  These  results 
thus  indicate  that  the  anomalous  behaviour  is  not  due  to 
strain-induced  crystallisation. 

Also  relevant  here  are  force-temperature  ("thermoelastic") 
results  (5)  obtained  at  elongations  sufficiently  large  to  give 
large  increases  in  [f*l  in  the  stress-strain  isotherm.  Such 
curves  show  no  deviations  from  linearity  which  could  be  attrib¬ 
uted  to  strain-induced  crystallisation,  or  to  other  intermolec- 
ular  orderings  of  the  network  chains. 

The  most  striking  evidence  involves  the  effect  of  swelling 
on  the  isotherms.  Results  on  unfilled  POMS,  networks  as  is 
illustrated  in  Figures  2  and  3  (91),  show  that  swelling  does  not 
diminish  the  upturns  in  modulus  and,  in  fact,  frequently 
enhances  them. 

Similar  results  are  obtained  for  filled  POMS  networks,  as 
is  shown  by  the  results  presented  in  Figure  4  (10). 

All  of  the  above  experimental  results  indicate  that  the 
increases  in  (f*j  are  due  to  an  intramolecular  effect,  specifi¬ 
cally  to  the  limited  extensibility  of  the  very  short  network 
chains  (3,11-13,26). 

Theoretical  Interpretation 

Since  the  above  results  demonstrate  that  the  upturns  in 
modulus  are  due  to  limi^d  chain  extensibility,  it  becomes 
important  to  interpret  them  in  terms  of  a  non-Gaussian  theory 
of  rubber-like  elasticity.  A  recent  novel  approach  (11-13)  to 
this  problem  utilises  the  wealth  of  information  which  rota¬ 
tional  isomeric  state  theory  (27)  provides  on  the  spatial 
configurations  of  chain  molecules.  Specifically,  Monte  Carlo 
calculations  based  on  the  rotational  isomeric  state  approxima¬ 
tion  are  used  to  simulate  spatial  configurations,  and  thus 
distribution  functions  for  the  end-to-end  separation  of  the 
chains  (28).  These  distribution  functions  are  used  in  place  of 
the  Gaussian  function  in  the  standard  three-chain  network 
model  (24)  in  the  affine  limit  to  give  a  molecular  theory  of 
rubber-like  elasticity  which  is  very  useful,  for  the  inter¬ 
pretation  of  elastomehic  properties  at  high  elongations. 
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Fig.  2  Tlie  effect  of  swelling  on  isotherms  (2S°C)  for  unswollen  and 
swollen  (unfilled)  PDMS  bimodal  networks  (220,  18. 5x  10*  g  mol  ')  con¬ 
taining  8S  mol  %  of  the  short  chains.*  Each  curve  is  labelled  with  the 
volume  fraction  v,  of  polymer  present  in  the  network;  the  diluent  was  a 
linear  DMS  oligomer  having  8-11  repeal  units  (Reprinted  from  ref  9  by 
courtesy  of  the  American  Chemical  Society.) 


NETWORKS  REINFORCED  BY  IN  SITU  PRECIPITATION  OF  SILICA 
After  Cross! Inking 

Figures  5  and  6  show  typical  elongation  isotherms  obtained 
for  POMS  networks  reinforced  by  swelling  with  TEOS,  which  was 
subsequently  hydrolyzed  in  situ  to  give  silica  filler  parti¬ 
cles  (17).  Increase  in  reaction  time  is  seen  to  increase  the 
amount  of  filler  precipitated,  as  evidenced  by  increases  in 
moduli.  In  upturns  in  moduli,  and  in  toughness. 

Durinq  Crosslinkinq 

It  would  of  course  be  advantageous  if  the  in  situ  pre¬ 
cipitation  could  be  carried  out  simultaneously  with  the  curing 
reaction.  Filled  PDMS  networks  have  in  fact  been  prepared  in 
this  way,  using  hydroxyl -terminated  chains  and  sufficient  TEOS 
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Fig  3  The  effect  of  swelling  on  isotherms  for  (unfilled)  PDMS  bimodal 
networks  containing  90  mol  %  of  the  short  chains;’  see  legend  to  Fig.  2. 
(Reprinted  from  ref.  9  by  courtesy  of  the  American  Chemical  Society.) 


for  both  the  endUhking  process  and  the  hydrolysis  reaction  to 
form  the  filler.  Isotherms  obtained  for  some  of  these  networks 
are  shown  in  Figure  7  (20).  Again,  very  good  reinforcement  is 
seen  to  occur. 

In  the  experiments  cited  (20),  the  ratio  r  of  TEOS  ethoxy 
groups  to  POMS  hydroxyl  end  groups,  a  measure  of  the  excess 
TEOS  available  for  hydrolysis,  ranged  from  1.0  to  150.  The 
effect  of  this  variable  on  the  weight  percent  filler  precipi¬ 
tated  is  shown  in  Figure  8  (20).  Estimates  obtained  from  the 
densities  of  polymer,  silica,  and  filled  network  are  seen  to  be 
smaller  than  those  obtained  directly  from  the  increase  in 
weight  of  the  network.  This  indicates  that  either  the  filler 
particles  have  not  been  completely  converted  to  silica  or  the 
particles  contain  a  significant  number  of  voids  (29).  In  any 
case,  the  increase  in  r  increases  the  amount  of  filler  intro¬ 
duced  and,  as  shown  in~Figure  9  (20),  increases  elastomer 
toughness  (as,  measured  by  the  energy  E,.,  required  for  rupture). 
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Fig.  ■<  The  effect  of  swelling  on  isotherms  for  fume  silica-fillcil  bimcxlal 
networks  of  PDMS  f860, 2 1 .3x  Iff  g  mol  ')  in  the  unswollcn  ( U)  state  and 
swollen  (S)  with  /i-hexadecane  to  i-.-O  3.  “The  numbers  specify  the  mol  % 
of  short  chains  present  in  the  network  Fumefd)  silica  refers  to  a  commer¬ 
cial  grade  precipitated  from  the  vapour  phase,  f  Reprinted  from  ref.  10  by 
courtesy  of  John  Wiley  &  Sons,  Inc.) 


Before  Cross  Unking 

In  the  above  ' In  situ'  techniques,  removal  of  the  by¬ 
product  C2H5OH  and  unreacted  ‘ tOS  causes  a  significant  decrease 
In  volume,  which  could  be  disadvantageous  in  some  applications. 
For  this  reason  a  techniqu  was  developed  for  the  precipitation 
of  the  silica  into  sampUs  of  POMS  to  give  stable  polymer- 
filler  suspensions  wh^c.t  remained  capable  of  being  endl inked, 
subsequently,  with  i;o  substantial  changes  in  volume. 

In  brief,  TEOS  was  added  to  vinyl -terminated  PDMS  and  then 
hydrolysed  to  give  polymer-filler  suspensions  which  showed  no 
signs  of  particle  agglomeration  or  settling.  After  drying,  the 
viscous  liquids  could  be  endlinked  with  a  multifunctional 
silane  to  give  filled  elastomers  with  very  good  mechanical 
properties. 
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Fig.  5  Isotherms  for  a  (unimodal  unswollen)  PDMS  elastomer 
(8. Ox  IIP  g  mol"')  which  was  silica-rcjnforced  by  hydrolysis  of  tetra- 
ethylorthosilicate  (TEOS)  present  as  diluent  in  the  network. '’The  reaction 
was  carried  out  at  53%  relative  humidity,  and  each  curve  is  labelled  with  the 
reaction  time,  (Reprinted  from  ref.  17  by  courtesy  of  Dr.  Dietrich 
Steinkopff  Verlag.) 


Characterisation  of  Filler  Particles 

Transmission  electron  microscopy  (15)  and  light  scattering 
measurements  (30)  are  being  used  to  study  the  filler  particles. 
As  illustration,  an  electron  micrograph  for  a  POMS  elastomer  in 
which  TEOS  had  been  hydrolysed  is  shown  in  Figure  10  (15).  The 
existence  of  filler  particles  in  the  network,  originally 
hypothesised  on  the  basis  of  mechanical  properties  (14),  is 
clearly  confirmed.  The  particles  have  average  diameters  of 
approximately  250  A,  which  is  in  the  range  of  particle  sizes  of 
fillers  typically  introduced  into  polymers  in  the  usual  blend¬ 
ing  techniques.  The  distribution  of  sizes  is  relatively 
narrow,  with  most  values  of  the  diameter  falling  in  the  range 
200-300  A  (15). 
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Fig.  6  The  nominal  stress  shown  as  a  function  of  elongation  for  the  same 
networks  characterised  m  Fig  5."  In  thts  representation,  the  area  under 
each  curve  represents  the  energy  £,  required  for  network  rupture. 
(Reprinted  from  ref.  17  by  courtesy  of  Dr.  Dietrich  Steinkopff  Vcrlag.) 


Most  Strikingly,  there  is  virtually  none  of  the  aggrega¬ 
tion  of  particles  essentially  invariably  present  in  the  usual 
types  of  filled  elastomers.  Therefore,  these  materials  should 
be  extremely  useful  in  characterising  the  effects  of  aggrega¬ 
tion,  and  could  be  of  considerable  practical  importance  as  \ 

well  (15). 
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Fig.  7  Isolhcrins  for  PDMS  networks  prepared  using  TEOS  to 
simultaneously  endlink  hydroxyl-terminated  chains  (2l.3x  KP  g  mol  ') 
and  to  provide  filler  upon  its  hydrolysis.*  For  samples  1-7,  the  filler  thus 
incorporated  amounted  to  0.0, 2.28, 4.56, 6.75, 8.83, 10.8  and  14  6  wi  %, 
respectively.  Additional  information  on  these  samples  is  given  in  Figs  8 
and  9.  (Reprinted  from  ref.  20  by  councsy  of  the  American  Chemical 


Fig.  8  The  wi  %  filler  precipitated  within  the  PDMS  networks  shown  as  a 
function  of  the  feed  ratio  r-(OC;H,)/!OHl.  where  the  -OC;H.  groups  are 
on  the  TEOS  and  the  -OH  groups  are  on  the  ends  of  the  polymer.”  The 
open  arcles  show  the  results  obtained  from  the  change  in  weight  of  the 
polymer  and  the  filled  circles  from  the  density  of  the  filled  network.  See 
legend  to  Fig.  7  (Reprinted  from  ref.  20  by  counesy  of  the  Amencan 
Chemical  Society.) 
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Fig  10  Transmission  electron  micrograph  Ji  »  itiagnificjiion  of  1  lUSflOx 
for  an  m  siiu  filled  PDMS  neiwork  containing  }4  ■»  sot  ">  filler  ’  The  length 
of  the  har  corresponds  lo  UXD  A.  i  Reprinted  from  ref  2’  by  courtesy  of 
'John  Wilev  di  Sons.  Inc.) 
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INTRODUCTION 


Blending  two  or  more  polymers  to  give  a  material  with  a 
combination  of  the  desirable  properties  of  the  constituent 
polymers  is  a  well-established  practice,  unfortunately,  the 
outcome  often  falls  short  of  the  expectation  for  a  number  of 
reasons.  One  common  reason  is  a  lack  of  interfacial  adhesion 
between  the  components  of  the  blend  due  to  a  large  difference 
between  the  solubility  parameters  of  the  polymers.  This  paper 
considers  one  possible  means  of  improving  interfacial  adhesion 
in  a  blend  the  formation  of  copolymeric  species  of  the 
constituent  polymers  during  olending.  The  blend  considered  is 
polypropylene  blended  with  natural  rubber  fcis-l,4-polyisoprene) 
to  improve  the  impact  strength  of  the  polypropylene. 

The  factors  which  govern , the  Imoact  properties  of  blends  of 
a  thermoplastic  with  a  rubber  are  well-known,  namely  phase 
morphology,  composition,  interfacial  adhesion,  and  degree  of 
crosslinking  of  the  rubber  phase  (1).  Ail  four  factors  have 
been  studied  for  blends  of  polypropylene  with  NR.  The  first  two 
will  not  be  considered  here,  except  to  the  extent  necessary  to 
present  the  topics  of  primary  interest.  Even  when  these  two 
parameters  were  optimised,  the  low  temperature  impact  strength 
of  blends  of  polypropylene  and  natural  rubber  did  not  meet 
expectations.  Scanning  electron  micrographs  of  fracture 
surfaces  of  the  blends  suggested  that  rubber  particles  were 
debonding  from  the  polypropylene  matrix,  that  is  there  was 
evidence  of  a  insufficient  interfacial  adhesion  between  the 
components  of  the  blend. 

The  in^rovement  of  the  impact  properties  of  a 
poiypropyle.ne/natural  rubber  blend  by  the  addition  of  low  levels 
of  m-phenylenebismaleimide  was  described  briefly  recently  (2). 
The  rationale  behind  the  use  of  this  additive  was  that  it  may  be 
viewed  as  a  multifunctional  radical  acceptor  capable  of  reacting 
with  the  polymer  radicals  formed  by  chain  scission  during 
blending  In  an  internal  mixer.  m-Phenylenebismaleimide  is 
well-known  as  a  co-agent  in  the  peroxide  vulcanization  of 
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rjbbers  and  has  also  been  quoted  in  patents  as  as  improving  sag 
resistance  of  polypropylene  by  linking  radicals  formed  by  chain 
scission  during  mixing,  when  used  at  higher  level  than 
considered  here,  and  as  improving  the  adhesion  of  polypropylene 
to  fillers  by  combining  with  radicals  and  interacting  with  the 
fillers  (3,4).  It  was  proposed  that  the  m-phenylenebismaleimide 
added  during  blending  was  reacting  with  the  natural  rubber  and 
polypropylene  radicals  to  give  copolymeric  species.  It  is 
well-established  that  the  presence  of  block  or  graft  copolymers 
composed  of  the  components  of  a  blend  greatly  improve 
interfacial  adhesion  in  the  blend  (1).  However,  it  was 
recognised  that  m-phenylenebismaleimide  is  capable  of 
Introducing  a  low  degree  of  crosslinking  in  the  natural  rubber 
phase  of  the  blend.  It  is  reported  that  low  degrees  of 
crosslinking  of  the  rubber  phase  of  a  rubber-modified 
thermoplastic  increases  impact  strength  (1,5),  although  high 
degrees  of  crosslinking  are  deleterious  in  this  respect.  It  was 
considered  that  the  m-phenylenebismaleimide  may  act  both  by 
improving  interfacial  adhesion  betwe^  the  disperse  NR  phase  and 
the  polypropylene  matrix  and  by  introducing  a  low  degree  of 
crosslinking  into  the  NR  phase. 

The  contributions  of  these  two  mechanisms  to  the  increase 
in  impact  str^'ngth  of  these  blends  are  resolved  here,  and  it 
will  be  shovwi  that  both  are  important.  The  potential  for 
applying  the  technique  of  Improving  interfacial  adhesion  used 
here  to  other  blend  systems  is  also  considered  briefly. 

One  outcome  of  the  earlier  study  of  the  effect  of 
composition  on  the  impact  properties  of  blends  of  polypropylene 
with  natural  rubber  is  the  observation  that,  in  a  comparison  at 
a  given  blend  stiffness,  blends  based  on  copolymer  grades  of 
polypropylene  have  higher  impact  strength  than  blends  based  on 
homopolymer  grades  of  polypropylene.  For  this  reason  much  of 
the  current  work  has  been  performed  on  blends  of  copolymer  grade 
polypropylene,  although  the  findings  have  also  been  shown  to 
apply  equally  to  blends  based  on  homopolymer  grade 
polypropylene.  Furthermore,  it  has  been  found  that  the 
incorporation  of  a  small  amount  of  high  density  polyethylene 
(l<)PE)  benefits  the  impact  properties  of  the  blends.  Ternary 
blends  of  polypropylene,  natural  rubber,  and  K}PE  have  therefore 
also  been  considered  here. 


MATERIAL  AND  METHODS 


A  viscosity-stabilized  grade  of  NR  with  a  Mooney  viscosity 
(ML1+4,100"C)  of  60,  CV,  was  used. 


156 


The  copolymer  grade  of [polypropylene,  Propathene  GWM  101 
(ICI  Ltd),  has  a  flexural  mpdulus  of  1350  MPa  and  a  melt  flow 
index  (KFI)  of  4g/l0min.  A  homopoly me r  grade  of  polypropylene, 
Propathene  GWM  22  (ICI  Ltd)|  with  a  melt  flow  index  of  4  was 
also  used.  When  reference  is  made  to  polypropylene  below  and 
the  grade  is  not  specified, ! the  polypropylene  under 

consideration  is  GWM  101.  I 

1 

! 

The  HOPE  used  in  tematy  blends  was  a  homopolymer  grade 
(Rigidex  006-^0,  8P  Chemicals)  with  a  melt  flow  index  of  0.7. 

I 

I 

m-Phenyleneblsmaleimidfe  (WA-2,  du  Pont),  sulphur, 
tetramethylthiuram  disulphide,  zinc  stearate,  phenolformaldehyde 
resin  (SP1045,  Sciienectady-Midland  Ltd),  stannous  chloride 
dihydrate,  and  the  antioxidants  (Permanax  WSO,  Vulnax 
International  Ltd,  a?d  Irganox  P^OO,  Ciba-Gelgy  Industrial 
Chemicals)  were  used  as  supplied. 

j 

The  blends  were  prepared  in  a  BR  Banbury  internal  mixer  on 
a  1  kg  scale.  The  Banbury  was  heated  with  0.28  MPa  steam  and 
mixing  was  for  5  min  at  li6i  rpm.  All  times  were  taken  from  the 
Initial  seating  of  the  ram. I  Antioxidants  (0.2  pphp  Permanax  WSO 
and  0.2  pphp  Irganox  PS800)i  were  added  either  with  the  polymers 
or  after  4.5  min,  when  additives  were  used.  Melting  of  the 
polypropylene  is  accompanied  by  an  increase  in  the  power  drawn 
by  the  mixer.  Power  consumption  then  falls  as  the  temperature 
of  the  melt  increases  and  the  viscosity  fails.  The  addition  of 
additives  was  made  at  or  shortly  after  this  peak  in  power 
consumption,  to  make  best  use  of  the  high  shear  at  the  lower 
melt  temperature  but  to  avoid  premature  reaction  with  the  rubber 
by  those  additives  capable  of  causing  crosslinking.  The 
temperature  of  the  blends  at  dump  was  in  the  range  180-186*C. 

Melt  flow  indices  were  determined  under  condition  P  of  A3TM 
D  1238  (190*’C/5  kg).  Die  Swell  was  determined  for  the  cold 
extiudate  by  measuring  the  cross-sectional  area  of  three  pieces 
of  extiudate  and  comparing  the  mean  with  the  diameter  of  the 
die.  1 

I 

Izod  Impact  strength  i(as  determined  cn  injection-moulded, 
BS-notched  specimens  (notch  radius  1  mm)  at  temperatures  between 
-50  and  O^C. 

Fractured  Izod  test  pieces  were  coated  with  Au-Pd  and 
examined  by  scanning  electron  microscopy  (SEM)  using  an  Hitachi 
S-500  microscope. 
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RESULTS 


In  order  to  resolve  the  effects  of  crosslinking  of  the  NR 
phase  and  the  proposed  increase  in  inter facial  adhesion  on  the 
properties  of  the  blend,  blends  were  prepared  with  the  addition 
of  low  levels  of  other  compounds  which  can  be  considered  as 
multifunctional  radical  acceptors  but  which  do  not  crosslink  NR 
under  the  conditions  of  use.  Sulphur,  tetramethylthiuram 
disulphide  (TMTD),  and  phenolformaldehyde  resin,  when  added 
individually,  satisfy  these  criteria.  The  addition  of  a  low 
level  of  any  one  of  these  materials  to  a  blend  during  mixing 
Increases  the  viscosity  of  the  blend,  as  indicated  by  the 
reduction  in  M^"!,  although  the  effect  is  not  so  great  as 
observed  previously  for  WA-2  (Tables  1  and  2).  Die  swell 
during  the  NFI  test  is  increased  by  the  addition  of  these 
materials. 


TABLE  1 

FLOW  PROPERTIES  OF  15:85  BL£NDS  OF  NR  AND  POLYPROPYLENE  GWMIOI 


Material 

Additive 

Amount 

(pphp) 

mfi® 

(g/lOmin) 

Ole  swell 
(*) 

Blend 

None 

• 

11 

51 

Blend 

HYA-2 

0.5 

2.1 

Blend 

Sulphur 

0.5 

4.6 

77 

Blend 

TMTD  ,  u 

0.7 

3.6 

59 

Blend 

,  TMTD/ZnSr 

Q.7/3.0 

3.2 

22 

None 

11 

52 

Sulphur 

0.5 

11.6 

56 

SP1045 

1.0 

11.3 

59 

None 

• 

9.0 

ppC 

TMTD 

0.7 

8.1 

- 

a  At  190*0  under  5  kg  load, 
b  Zinc  stearate 

c  Masticated  in  the  internal  mixer  under  the  conditions  used 
in  the  preparation  of  the  blends. 


As  demonstrated  previously  for  WA-2  (2),  the  addition  of 
these  materials  chjring  the  mastication  of  polypropylene  under 
the  conditions  used  in  the  preparation  of  the  blends  does  not 
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reduce  the  ffl  of  the  masticated  polypropylene  (Table  1).  Die 
swell  during  the  MFI  test  is  also  not  much  affected. 


TABLE  2 

FLOW  PROPERTIES  OF  15:75:10  BLEMDS  OF  NR,  POLYPROPYLENE 
GWM  101  AND  KDPE 


Additive 

Amount 

KFI^ 

Die  swell 

(pptp) 

(g/lOmln) 

(X) 

None 

8.5 

62 

SP1045° 

1.0 

2.5 

116 

SP1045/SnCl^ 
TMTD/ZnSt*^  ^ 

1. 0/3.3 
0.3/1. 5 

3.2 

2.6 

13 

49 

TMTD/ZnSt  . 

0. 7/3.0 

2.0 

22 

TMTD/ZnSt 

1.0/4. 5 

2.8 

19 

a  At  190 ®C  under  5  kg  load, 
b  Phenolformaldehyde  resin 
c  Zinc  stearate 


Thus,  the  increase  in  viscosity  of  the  blend  due  to  the 
addition  of  these  materials  cannot  be  attributed  to  either 
crosslinking  of  the  natural  rubber  or  to  a  change  in  the  flow 
properties  of  the  polypropylene  matrix.  Some  other  mechanism, 
such  as  the  formation  of  a  copolyir.ric  species,  must  be  invoked. 
It  is  known  that  the  formation  of  graft  copolymers  causes  an 
Increase  in  the  viscosity  of  a  blend  (6,7).  The  increase  in  die 
swell  caused  by  the  addition  of  these  materials  to  the  blend  may 
be  explained  by  greater  deformation  of  the  disperse  phase  at  the 
entry  to  the  die,  which  would  be  consistent  with  greater 
interfacial  adhesion. 

The  effects  of  sulphur  or  TMTD  on  the  notched  Izod  impact 
properties  of  the  blend  are  similar,  but  much  less  marked  than 
that  of  WA-2.  Izod  impact  strength  is  increased,  but  the 
effect  is  only  pronounced  at  the  lowest  temperatures  (Figure  1). 
The  large  increase  in  Impact  strength  above  ca  -30 ®C  caused  by 
the  addition  of  l-VA-2  is  lacking. 

When  zinc  oxide  and  stearic  acid  or  zinc  stearate  are 
present  in  the  blend  and  TMTO  is  added,  crosslinking  of  the 
natural  rubber  phase  will  occur  during  bierxjing.  The  f4='I  of 
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T«mp«ra<ur«(°C) 


FIGURE  1.,  Impact  strength  of 
15:85  NR:PP  blend  -  effect  of 
additives. 


Tamparatur*  (‘C) 


FIGURE  2.  Impact  strength  of 
15:85  NR:PP  blend  -  effect  of 
crosslinking  the  NR  phase. 


such  a  blend  is  closely  similar  to  that  of  a  comparable  blend 
prepared  with  TMTD  alone,  but  the  die  swell  is  mucn  reduced 
(Table  1).  Stannous  chloride  dihydrate  catalyses  the 
crosslinking  of  NR  by  phenolformaldehyde  resin.  When 
phenolformaldehyde  resin  was  added  to  a  blend  containing 
stannous  chloride  dihydrate  to  give  a  combination  which  had  been 
shown  to  crosslink  NR  under  the  prevailing  conditions,  the 
resulting  blend  also  had  a  similar  NFI  and  much  lower  die  swell 
than  those  of  the  blend  prepared  without  the  stannous  chloride 
(Table  2).  It  is  known  that  the  presence  of  a  crosslinked,  and 
hence  less  deformable,  phase  gives  a  reduction  in  die  swell. 

The  impact  properties  of  a  blend  are  markedly  improved  by 
the  introduction  of  crosslinking  in  the  NR  phase.  ,  This  is 
illustrated  in  Figure  2,  which  allows  a  comparison  of  notched 
Izod  Impact  strength  as  a  functicxi  of  temperature  for  blends 
prepared  in  the  presence  of  TMTD  alone  and  in  the  presence  of 
both  TMTD  and  zinc  stearate.  The  increase  in  impact  strength 
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due  to  crosslinking  of  the  NR  phase  is  most  marked  at 
temperatures  above  ca  -30®C,  but  it  is  substantial  over  the 
entire  range  considered.  A  similar  effect  is  apparent  for 
blends  containing  phenolformaldehyde  resin  with  and  without 
stannous  chloride.  Thus  the  beneficial  effect  of  a  low  degree 
of  crosslinking  of  the  rubber  phase  on  the  impact  properties  of 
a  rubber-toughened  thermoplastic  reported  for  other  systems 
(1,5)  is  confirmed  here  for  polypropylene  modified  with  NR. 

It  must  be  emphasized  that  the  degree  of  crosrlinking 
considered  here  is  very  low,  and  would  not  qualify  as  such  in 
the  conventional  rubber  technology  sense.  Some  qualitative 
impression  of  the  effect  of  the  degree  of  crosslinking  of  the  NR 
may  be  gained  by  varying  the  amount  of  crosslinking  agent  added 
to  the  blend.  The  NFI  of  blends  containing  0.3  -  1  pphp  TMTD 
are  similar  but  the  die  swell  decreases  progressively,  though 
the  difference  in  die  swell  between  the  blends  containing  0.7 
and  1  pphp  TMTD  is  only  slight  (Table  2).  The  attainment  of  a 
limiting  MFI  at  a  very  low  level  of  additive  has  been  cbser/ed 
for  other  additives,  for  instance  HVA-2  as  noted  above.  There 
is  also  a  tendency  to  approach  a  limiting  die  swell,  as 
suggested  by  the  values  for  the  blends  containing  different 
levels  of  TMTD,  but  this  happens  at  a  higher  level  of  additive. 

The  effect  of  the  different  levels  of  crosslinKing  agent  on 
the  notched  Izod  impact  properties  of  the  blend  is  illustrated 
in  Figure  3,  which  indicates  that  there  is  an  optimum  degree  of 
crosslinking  of  the  NR  in  respect  of  Impact  properties.  For  the 
crosslinking  system  considered  here,  this  corresponds  to  ca  0.7 
pphp  TMTD,  although  the  precise  amount  may  depend  on  the 
blending  conditions  used  due  to  changes  in  the  efficiency  of 
crosslinking.  The  problems  in  estimating  the  degree  of 
crosslinking  of  the  disperse  NR  phase  in  such  a  blend,  even 
relative  to  another  blend,  are  formidable  and  this  task  has  not 
yet  been  undertaken.  The  observation  of  an  optinum  degree  of 
crosslinking  at  a  low  level  is  in  accord  with  the  behaviour  of 
polystyrene  toughened  with  poly (butadiene-co-styrene)  rubber 
(5). 


The  effect  of  additives  such  as  HVA-2  on  the  impact 
properties  of  NR/polypropylene  blends  are  not  peculiar  to  blends 
based  on  copolymer  grades  of  polypropylene.  The  addition  of 
HVA-2  during  the  preparation  of  blends  of  homopolymer  grade 
polypropylene  with  NR  gives  similar  increases  in  Izod  impact 
strength  (Figure  4). 

The  ultimate  properties  of  a  blend  in  which  Interfacial 
adhesion  is  lacking  are  Improved  when  interfacial  adhesion  is 
increased  by,  for  instance,  including  a  suitable  block  or  graft 
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copolymer  in  the  blend  (7).  The  tensile  strength  of  a  blend  of 
polypropylene  with  15%  natural  rubber  is  increased  by  the 
addition  of  a  low  level  of  TMTD  alone  (Table  3).  Yield  stress 
is  also  increased.  The  introduction  of  crosslinking  into  the 
natural  rubber  phase,  by  including  zinc  stearate  in  the  blend, 
does  not  give  any  further  significant  change  in  tensile  strength 
or  yield  stress.  Blends  prepared  with  the  addition  of  HVA-2 
also  show  increased  tensile  strength  and  yield  stress  (2). 


■8-notch«d  lied  Impact  atrangth 


-SO  -40  -30  -20  -10  0  10 

Tamparatura,  °C 

FIGURE  3.  Impact  strength  of 
15;75!i0  NR;PP:K)FE  blend  - 
effect  of  crosslinker  level. 


/ 
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FIGURE  4.  Impact  strength  of 
homoPP  blends  containing  15* 
NR  -  effect  of  HyA-2. 


More  direct  evidence  of  changes  in  interfacial  adhesion  may 
be  obtained  by  microscopy.  A  scanning  electron  micrograph  of  a 
cryogenic  fracture  surface  of  a  blend  containing  15*  natural 
rubber  reveals  a  number  of  features  which  may  be  ascribed  to 
debonding  of  rubber  particles  (Figure  5a).  In  addition,  there 
are  a  few  smooth  features  which  appear  to  be  level  with  the 
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TABLE  3 

EFFECT  OF  WDDITIVES  ON  THE  PROPERTIES  OF  15:85  NRiPP  BLEND 


Additive 

Amount 

(pphp) 

Yield  stress 
(SPa) 

Tensile  strength 
(NPa) 

None 

18.5 

27.2 

TMTD 

0.7 

19.9 

30.9 

TMTD/ZnSt^ 

0. 7/5.0 

20.3 

30.4 

HVA-2 

0.5 

20.3 

30.8 

a  Zinc  stearate 


caj  (.Dj 


FIGURE  5.  SEN  micrographs  of  fracture  surfaces  of  15:85  NR:PP 
blends  containing  no  additive  (a)  or  0.5  pphp  HVA-2  (b).  Some 
features  representing  debonded  NR  particles  are  circled,  some 
smooth,  level  features  are  arrowed. 
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otherwise  rough  matrix.  This  roughness  is  probably  a  reflection 
of  the  nodular  texture  of  the  polypropylene  matrix.  The  smooth 
features  are  on  the  scale  of  the  rubber  parUcles  and  may 
represent  particles  through  which  the  fracture  has  passed. 
Micrographs  of  similar  fracture  surfaces  of  blends  prepared  in 
the  presence  of  HVA-2  or  TMTD  with  zinc  oxide  and  stearic  acid 
show  few,  if  any,  features  which  may  be  readily  ascribed  to  the 
fracture  following  a  weak  interface  between  the  matrix  and 
rubber  particles  (Figures  5b  and  6a).  However,  there  are  many 
features,  on  the  scale  of  the  rubber  particles*,  which  are  smooth 
and  essentially  level  with  the  rough  surface  of  the  matrix. 
Furthermore,  the  particles  are  generally  somewhat  irregular  in 
shape,  as  the  rubber  particles  are  known  to  be  in  these  blends 
because  of  the  effect  of  crosslinking  during  mixing.  These 
features  may  by  identified  as  rubber  particles  and  suggest  that 


FIGURE  6.  SEM  micrographs  of  fracture  surfaces  of  15:85  NR:PP 
blends  containing  0.7  pphp  TMTD  with  ZnO/stearic  acid  (a)  or 
alone  (b).  Some  smooth,  level  features  are  arrowed. 
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the  fracture  has  passed  through  the  rubber  phase  rather  than 
around  a  weak  interface  with  the  matrix.  The  micrograph  of  a 
blend  prepared  in  the  presence  of  TMTD  alone  shows  similar 
smoot;h  features,  though  regular  in  shape  because  the  rubber 
phase  was  not  crossiinked  under  these  conditions  (Figure  6b). 


DISCUSSION 


The  results  demonstrate  that  the  substantial  increase  in 
the  Izod  impact  3treng<-h  of  a  polypropylene/NR  blend  given  by 
additives  such  as  HVA-i,  which  are  capable  of  lightly 
crosslinking  the  NR  phase  under  the  conditions  used  in  the 
preparation  of  a  blend,  is  largely  associated  with  the 
introduction  of  the  low  degree  of  crosslinking  into  the  NR 
phase.  The  observation  of  a  smaller  increase  in  Izod  impact 
strength  by  additives  which  do  not  crosslink  the  NR  phase  during 
blending  sjggests  that  there  is  also  a  contribution  from  another 
source,  and  the  evidence  of  flow  properties,  ultimate 
properties,  and  SEM  study  of  fracture  surfaces  suggests  that 
this  is  increased  interfacial  adhesion. 

The  effect  of  these  two  factors  on  the  impact  properties  of 
the  blends  is  interpretable  in  terms  of  the  known  fracture 
mechanism  of  polypropylene.  At  the  low  temperatures  and  high 
rates  of  deformation  exnerienced  in  the  Izod  test,  plastic 
deformation  of  polypropylene  is  by  crazing  (8).  When 
interfacial  adhesion  is  poor,  the  rubber  particles  caught  in  a 
craze  may  debond  from  the  matrix  generating  a  void  within  the 
craze,  which  ooi.  grow  into  a  crack  and  precipitate  failure. 
Increasing  t.ne  interfacial  adhesion  allows  the  particle  to 
withstand  a  greater  stress  before  debonding.  However,  the 
rubber  particles  will  have  limited  cohesive  strength,  and 
cohesive  failure  of  a  particle  being  deformed  in  a  craze  will 
also  generate  a  void.  Crossiinking  the  rubber  phase  will 
increase  cohesive  strength  and  allow  the  rubber  particle  to 
undergo  greater  deformation  before  cohesive  failure.  As  the 
degree  of  crosslinking  increases,  the  modulus  of  the  rubber 
particle  increases  and  hence  the  stress  across  the  interface 
increases  for  a  given  extent  of  deformation  of  the  rubber 
particle.  Failure  may  then  again  occur  by  debonding  of  the 
rubber  particle  as  the  adhesive  strength  of  the  interface  is 
exceeded.  The  two  factors  may  therefore  been  seen  as 
complimentary  in  their  effect  on  the  inpact  properties  of  the 
blend. 

It  is  proposed  that  the  Improvement  in  interfacial  adhesion 
arises  through  reaction  of  the  polymer  radicals  generated  by 
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chain  scission  during  blending  with  th??  additives  to  give 
biock/graft  copolymers.  This  means  or  improving  interfacial 
adhesion  is  open  to  other  blends  of  polymers  which  undergo  chain 
scission  under  the  conditions  of  blending.  However,  it  may  be 
anticipated  that  there  will  be  some  liiriit  to  the  difference  in 
solubility  parameters  between  the  con^onents  beyond  which  the 
technique  will  not  be  applicable,  due  to  i  jufficient 
opportunity  for  reaction  of  the  dissimilar  radicals  with  the 
additive. 

The  application  of  the  technique  to  rubber-rubber  blends 
which  have  processing  difficulties  and  limited  durability  due 
poor  interfacial  adhesion  is  currently  under,  investigation.  The 
formation  of  cocolymers  in  these  blends  should  improve  their 
processing  characteristics  by  increasing  interfacial  adhesion. 
Durability  should  also  be  improved  as  covulcanization  is 
increased  through  both  the  direct  participation  of  the  ccpolyiter 
in  the  two  rubber  networks  and  an  increase  in  the  thickness  of 
the  mixed  interphase,  caused  by  the  presence  of  the  copolymer, 
in  which  covulcanization  can  occur.  In  the  latter  context,  it 
has  been  demonstated  that,  for  blends  in  which  covulcanization 
occurs  readily  such  as  NR  with  GBR,  the  act  of  covulcanization 
increases  the  thickness  of  the  mixed  interfacial  region  (9). 

This  has  been  ascribed  to  the  formation  of  copolymers  as  a  part 
of  the  process  of  covulcanization. 
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FAILURE  PROCESSES  IN  ELASTOMERS 


A.  N.  GENT 

Institute  of  Polymer  Science,  The  University  of  Akron, 
Akron,  Ohio  44325 


SUMMARY 

Studies  of  several  failure  processes  in  model  elastomers 
are  described.  In  unfilled  elastomers  a  splitting  of  the  tear 
front  is  ascribed  to  the  presence  of  inherent  stress-raisers 
about  100  urn  apart.  When  tensile  stresses  are  applied  to  an 
elastomer  containing  a  single  spherical  inclusion  the  elastomer 
either  pulls  away  at  a  critical  stress  or  a  void  forms  within 
the  elastomer  Itself  near  the  surface  of  the  inclusion.  If  two 
inclusions  are  close  together,  a  void  forms  midway  betweem  them 
and  grows  catastrophically.  Profuse  voiding  is  observed  in 
carbon-black-filled  rubber,  each  void  being  initiated  by  a 
particle  about  0.5  urn  in  diameter.  The  implications  of  these 
observations  for  the  reinforcement  of  elastomers  is  discussed. 


INTRODUCTION 

Much  can  be  learnt  about  mechanisms  of  failure  by  direct 
observation.  The  results  of  two  recent  studies  are  summarized 
here.  They  deal  with  the  way  in  which  a  tear  propagates  in 
elastomers,  by  a  series  of  secondary  tears  developed  at  the 
tear  front  (1),  and  with  the  failure  processes  that  occur  near 
or  at  the  surface  of  a  rigid  spherical  inclusion  (2). 


TEAR  PROPAGATION  IN  UNFILLED  ELASTOMERS 

Uni  font,  advance  of  a  smooth  tear  along  a  broad  front  is 
intrinsically  unlikely.  Instead,  small  secondary  cracks 
develop  at  the  tear  tip,  at  points  where  the  local  stress  is 
unusually  high.  If  the  material  is  highly-stretched  at  the 
tear  tip,  these  secondary  cracks  are  not  co-1 inear,  in  general, 
but  are  separated  somewhat  in  the  vertical  (strain)  direction, 
Figure  1.  Then,  as  they  grow  in  sze,  they  eventually  link  up 
by  the  deviation  of  one  or  both  .'f  them,  as  shown  schematically 
in  Figure  lb,  under  the  infli'ence  of  the  complex  stress  field 
set  up  where  they  come  into  >;roximity. 
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This  hypothesis  accounts  successfully  for  the  formation  of 
steps  of  the  characteristic  shape  observed  on  fracture  surfaces, 
shown  schematically  at  point  E  in  Figure  lb,  and  also  for  the 
appearance  of  webs  in  the  stretched  state,  as  sketched  in 
Figure  Ic. 


Fig.  1.  Formation  of  steps  ot  the  crock  front 
by  the  joining  of  secondary  crocks 

(Q) _  _I®5r  _ 

Formation  —  —p. 


Joining 


It  is  noteworthy  that  the  average  distance  between  steps 
in  a  fully-developed  tear  surface,  in  the  range  10-100  pm,  is 
similar  in  magnitude  to  the  inferred  size  of  natural  flaws  or 
defects  in  elastomers,  from  which  tensile  or  mechanical  fatigue 
failures  originate  (3).  If  stress-concentrating  features  are 
commonly  present  in  elastomers  at  a  general  spacing  of  10-100 
ym,  then  cracks  or  defects  of  this  size  would  also  be  expected. 


TEAR  OF  CARBON-BLACK-FILLED  ELASTOMERS 

Elastomers  are  commonly  reinforced  by. the  incorporation 
of  large  amounts  of  finely-divided  particulate  fillers,  notably 
carbon  black.  The  mechanism  of  reinforcement  is  still  obscure, 
however.  A  photograph  of  the  tear  tip  in  a  carbon-black-filled 
polybutadiene  vulcanizate  is  shown  in  Figure  2.  Many  carbon 
black  aggregates,  about  i  ym  in  diameter,  are  visible  at  the 
tear  tip  and  in  the  torn  surfaces. 
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me  tear  tip  is  seen  to  be  split  by  numerous  vertical  tears. 
Careful  inspection  shows  that  each  tear  is  associated  with  a 
carbon  black  particle.  Thus,  each  particle  appears  to  have 
acted  as  a  local  stress-raiser  and  provided  a  potential  nucleus 
for  a  secondary  crack.  The  reinforcing  action  of  carbon  black 
thus  appears  to  consist,  paradoxically,  of  inducing  many  small 
tears  to  form  in  the  highly-strained  material  at  the  tear  tip, 
and  in  this  way  to  blunt  the  effective  tip  diameter. 

The  particle  size  is  extremely  important  for  this  rein¬ 
forcement  mechanism  to  operate.  If  the  particles  are  much 
smaller  than  1  urn,  say,  then  detachment  or  tearing  in  their 
vicinity  becomes  improbable  because  the  stresses  required 
become  extremely  large  (see  below).  On  the  other  hand,  when 
the  particles  are  much  larger  than  about  1  ym,  then  they  do 
not  confer  significant  advantages  because  unfilled  elastomers 
appear  to  have  inherent  stress-raising  defects  at  spacings  of 
10-100  ym,  as  discussed  earlier. 


FAILURE  PROCESSES  IN  ELASTOMERS  AT  OR  NEAR  A  RIGID  SPHERICAL 
INCLUSION 

An  experimental  study  has  also  been  carried  out  of  two 
distinct  failure  phenomena,  cavitation  and  debonding,  in  an 
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elastomer  containing  a  rigid  spherical  inclusion.  Several 
elastomers  were  employed,  containing  glass  beads  of  various 
diameters  with  well -bonded  beads  ranging  from  60  to  5000  pm, 
and  with  chemically  different  surfaces.  The  critical  stress 
for  cavitation  was  found  to  depend  upon  both  Young's  modulus, 
E,  of  the  elastomer  and  the  diameter  of  the  bead.  By  extrap¬ 
olation,  it  was  found  that  the  stress  for  cavitation  near  an 
infinitely-large  bead  is  given  by  5E/12,  as  predicted  by 
theory  (4).  In  contrast,  the  critical  stress  for  debonding 
from  less-well -bonded  beads  was  found  to  decrease  somewhat 
with  increasing  Young's  modulus  of  the  elastomer.  This  is 
attributed  to  a  concomitant  decrease  in  the  strength  of 
adhesion  between  the  elastomer  and  the  bead  surface,  due  to 
rheological  effects. 

The  stresses  for  both  cavitation  and  for  debonding 
were  found  to  vary  approximately  with  the  negative  half-power 
of  the  bead  diameter.  This  suggests  that  a  similar  Griffith 
mechanism  governs  both  failure  processes  when  the  bead  size  is 
small. 

A  study  of  cavitation  and  debonding  in  the  presence  of 
two  glass  beads  was  also  carried  out.  As  predicted  from 
theoretical  considerations,  both  stresses  were  found  to 
decrease  as  the  distance  between  the  two  beads  was  decreased, 
irrespective  of  the  diameter  of  the  bead  and  Young's  modulus 
of  the  elastomer.  At  higher  strains,  however,  a  second  cavi¬ 
tation  process  was  found  to  take  place  at  a  point  midway 
between  the  beads,  Figure  3.  Catastrophic  tensile  fracture  of 
the  specimen  resulted  from  unrestrained  lateral  growth  of  this 
second  cavity. 


strain  *0  17%  20%  0 


Fig.  3.  Progress  of  cavitation  in  a  silicone  elastomer, 
E  =  2.2  MPa,  containing  two  glass  beads  of  1.25 
mm  diameter  bonded  to  the  elastomer.  Direction 
of  applied  tension:  vertical. 
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INTRODUCTION 


It  is  difficult  to  determine  valid  fracture  characterizing 
parameters  for  non-linear,  non-elastic  materials  like  carbon 
black  filled,  natural  rubber.  The  classic  tear ing  energy  ap¬ 
proach  developed  by  Rivlin  and  Thomas  (1)  must  be  modified  for 
the  energy  dissipated  oy  hysteresis  (2).  The  J-integral  ap¬ 
proach  introduced  by  Rice  (3)  snd  initially  applied  by  Begley 
and  Landes  (4)  to  metals  and  by  William  (5)  to  polymers  has 
been  shown  to  yield  valid  parameters  that  characterize  crack 
initiation  in  these  non-elastic  materials.  Oh  (6)  showed  in 
rubber  that  the  J  Integral  gave  the  same  results  as  the  tearing 
energy  method  at  deformations  less  than  required  to  Initiate 
crack  growtn.  The  objective  of  the  current  study  was  to 
develops  test  procedures  based  on  the  J  Integral  concept,  and 
determine  the  critical  J  for  initiation  of  crack  growth,  and 
evaluate  the  critical  parameters  as  material  properties. 

Carbon  black  filled,  natural  rubber  was  chosen  because  it 
is  a  highly  dissipative  material  and  a  severe  test  of  the 
validity  of  the  J  integral  concept.  The  J  integral  was 
evaluated  by  1)  multiple  specimen  tests  of  Mode  I  (tension)  and 
mixed  mode  (tension  plus  shear)  and  2  )  single  specimen  tests 
of  the  effect  of  carbon  black  on  crack  initiation.  The  results 
show  that  the  J  Integral  provides  a  basis  for  valid  and  rela¬ 
tively  simple  evaluation  of  fracture  resistance  in  highly 
dissipative  elastomers. 


J-INTEGRAL  CONCEPT 

The  J-lntegral  on  any  path  r  surrounding  the  crack  tip  is 
defined  as 


J 


/  (Wdy  -  T  ds) 


(1) 
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where  W  Is  the  strain  energy  density,  T  Is  the  traction  vec¬ 
tor,  ^  is  the  displacement  gradient,  and  sis  the  arc  length 
(3).  it  can  be  represented  equally  well  by 


J 


1  3U 
B  3a 


i.e.,  the  negative  change  in  potential  energy  U  per  unit  thick¬ 
ness  B  for  an  Incremental  change  In  crack  length  a.  That  is,  J 
is  proportional  to  the  area  between  the  load-displacement 
curves  of  specimens  with  cracks  of  length  a  and  a  ♦  da,  respec¬ 
tively  (Fig.  1).  For  conditions  that  satisfy  linear  elastic 
fracture  mechanics  J  -  (1  -  v*)  K*/E  -  G,  where  K  is  the  stress 
intensity,  E  is  the  modulus,  w  is  Poisson’s  ratio  and  G  is  the 
strain  energy  release  rate.  The  J-lntegral  may  be  Interpreted 
in  two  ways:  (a)  the  intensity  of  the  elastic-plastic  deforma¬ 
tion  and  stress  field  in  the  crack  tip  region  or  (b)  the  change 
in  energy  of  the  cracked  body  due  to  a  small  extension  of  the 
crack. 


FIGURE  1 .  Load-displacement  curves  FIGURE  2.  The  geometry 

for  specimens  with  cracks  of  size  of  a  blunt  notch  with 

a  and  a+da.  The  dashed  lines  re-  fiducial  lines  for  local 

present  the  un-loading  curves.  measurement  of  extension. 
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Begley  and  l-andes  I**)  proposed  tnat  the  value  of  J  at 
crack  Initiation  J  he  a  fracture  criterion  and  showed  it  to  be 
a  material  property  for  specimens  that  exhibit  large  amounts  of 
plasticity  before  fracture.  Hence,  J  can  be  used  tc  charac¬ 
terize  fracture  in  ductile  materials  and  is  known  as  the 
ductile  fracture  toughness,  analogous  to  G  in  linear  elastic 
fracture  mechanics.  Howe\er,  since  sustained  crack  growth  in 
ductile  materials  requires  additional  energy,  the  J-lntegral 
value  for  Initiation  is  conservative. 

Schapery  (7)  theoretically  justified  the  use  of  the  J- 
integral  as  a  failure  criterion  in  non-homogenous,  viscoelastic 
media; 

The  line  Integral  definition  provides  an  analytical  method 
for  evaluating  the  J-integral  and  has  been  shown  by  Oh  (6)  to 
represent  the  state  of  stress  and  strain  in  elastomers.  Rice 
(8  )  also  showed  that  if  the  Intergratlon  path  was  taken  along 
a  blunt  notch,  rather  than  for  a  sharp  crack. 


J  -  /W  dy 


(3) 


and  provided  another  method,  particularly  interesting  for  the 
study  of  elastomers.  In  fact  Thomas  (9)  arrived  at  the  equiv¬ 
alent  expression  of  tearing  energy 


T  -  R  /W  d  sine  (4) 


where  R  is  the  notch  tip  radius,  W  the  local  strain  energy  den¬ 
sity  and  0  the  angle  from  the  center  line  of  the  notch.  Figure 
2,  about  30  years  ago. 


liXPERiriFNTAL  PROCEDURE 


A  natural  rubber  recipe,  compounded  by  B.F.  Goodrich,  with 
carbon  black  contents  of  0,  10,  25  or  40  pph  was  used  for  all 
tests.  The  multiple  specimen  results  for  Mode  I  and  mixed  mode 
loading  were  done  only  with  40  pph  carbon  black,  while  the 
results  based  on  the  crack  tip  region  were  obtained  with  all 
four  carbon  black  compositions. 
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Single  edge  notched  specimens  with  sharp  oi'  blunt  notches 
of  different  lengths,  widths  and  pre-crack  lengths  were  tested 
at  21  *0  and  a  displacement  rate  of  1  cm/min.  The  sharp  cracks 
were  made  by  cutting  the  rubber  with  a  razor  blade;  the  crack 
angle  (B)  varied  between  0  and  65*  (Fig<  3a).  The  blunt 
notches  were  made  by  drilling  a  hole  with  a  shar;>  hollow  cir¬ 
cular  cutter  lubricated  with  water.  Blunt  notches  with  radii 
1 ,  2  and  3  mm  were  made,  then  the  sides  of  the  notches  were 
cut  away  with  a  sharp  razor  blade  (Figure  3b). 


FIGURE  3.  Tho  specimen  dimensions  for  a)  pre-cj*acked  and  b) 
pre-notched  specimen.  | 


The  region  around  the  notch  tip  was  coated  with  white  pow¬ 
der  so  that  a  series  of  fine  radial  lines  could  pe  made  in  the 
notch  tip  region.  The  spacing  between  the  llnesjwas  measured 
with  the  aid  of  a  10  x  filar  eyepiece.  Based  on  these  measure¬ 
ments  the  extension  ratio  as  a  function  of  position  was 
determined  and  was  the  basis  for  cal  'ating  the  critical  J  in¬ 
tegral  at  initiation. 

The  above  procedure  •>  not  applicable  for  sharp  cracks, 
therefore  J  ,  suggested  by  i asults  for  a  Dugdale  Zone  (8),  was 
defined  as  " 
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J,  "  /od6 
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where  a  is  the  net  section  stress  and  6  the  crack  tip  diameter. 
J,  was  determined  and  compared  to  J.. 

Crack  initiation  waa  identified  by  coating  the  crack  sur¬ 
face  with  the  white  powder,  as  loading  Inc^'eased  the  region  in 
the  crack  tip  developed  a  new  surface  delineated  by  the  white 
powder  was  taken  as  crack  initiation  in  the  multiple  specimen 
tests.  Crack  initiation  as  defined  differenly  for  the  single 
specimen  tests  as  the  first  visible  sign  of  peeling. 
Therefore,  the  results  are  consistently  higher  for  the  single 
specimen  tests  compared  to  the  multiple  specimen  tests. 
Additional  work  is  being  done  to  refine  identification  of  the 
initiation  event. 

Conventional  tensile  tests  (smooth  specimens)  to  determine 
stress-extension  ratio  curves  and  the  stored  energy  as  a  func¬ 
tion  pf  extension  ratio  were  also  meatured  at  2i®C  and  a 
displacement  rate  of  1  cm/min. 


RESULTS 

Mode  I 

Initial  loading  of  the  pre-cracked  specimens  (0-0)  blunted 
the  razor  cut  until  a  crack  initiated.  Since  initiation  was 
relatively  easy  to  observe,  the  load  and  extension  at  initia¬ 
tion  were  easily  determined.  Almost  Immediately  after  the 
crack  initiated  renewed  blunting  of  the  crack  occurred  a  the 
load  increased.  The  initiation  event  was  not  apparent  on  the 
load-extension  curve.  Blunting,  with  little  slow  stable  crack 
growth,  continued  with  extension  until  unstable  crack  growth 
fractured  the  specimen. 

The  area  unde''  the  load  extension  curve  is  the  energy 
stored  in  the  specimen.  In  the  pre-cracked  or  pre-notched 
specimens  the  force-displacement  field  is  non-’uniform,  there¬ 
fore  the  energy  density  is  ncn-uniform  and  greatest  in  the 
vicinity  of  the  crack  tip.  The  total  energy,  the  area  under 
the  load-extension  fl  curve,  is  shown  in  Figure  4  a  a  function 
of  pre-crack  lengthgjor  various  values  of  extension.  The  slope 
of  these  curves  (^)  gives  J  and  it  Is  shown  in  Figure  5  as  a 
function  of  extension.  J(x)  and  extension  ratio  at  initiation 
are  sufficient  to  determine  J  at  initiation. 
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J 


a  CM 


FIGURE  4.  Stored  energy  as  a  func~  FIGURE  5.  The  J~integral 
of  pre-crack  size  at  different  as  a  function  of  extension 

extensions.  ratio;  the  "X"  marks  the 

initiation  for  a  specific 
pre-crack  sire. 


The  critical  values  of  J  at  initiation  were  determined 
from  Figure  5  for  values  of  the  extension  at  initiation  and  are 
shown  in  Figure  6  as  a  function  of  specimen  length  and  pre¬ 
crack  size.  The  critical  J  value  is  a  function  of  the  pre- 
crack  size,  but  independent  of  specimen  length.  However, 
Figure  7  shows  that  the  critical  extension  at  Initiation  la  a 
linear  function  of  specimen  length  and  the  curves  extrapolate 
to  a  common  Intercept,  similar  to  results  found  by  Agarwal  et 
al  (10)  for  composites.  These  data,  therefore,  allow  the 
energy  release  rate  to  be  partitioned  between  the  crack  tip 
region  and  away  from  the  crack  tip. 
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FIGURE  6.  Critical  J-lntegral  as  a  FIGURE  7.  Critical  ex- 
functlor  of  aoecloen  length  and  tension  as  a  function  of 

pre-crack  size.  specinien  length  and  pre- 

crack  size. 


The  J  value  obtained  at  the  critical  extension  In  the 
hypothetical  zero  length  specimen  represents  the  critical 
energy  release  rate  In  the  crack  region  to  Initiate  a 
crack,  which  Is  independent  of  specimen  length  and  crack  size. 
This  value  was  obtained  by  converting  the  extension  for  the 
hypothetical  zero  length  specimen  co  the  extension  ratio  for 
the  actual  length  of  the  tested  specimen  X  -  (A  *  I  )/l  . 
With  this  the  J  value  representing  th?  crlt?cal  itra?n 
energy  release  rate  In  the  crack  tip  region  was  found  from 
Figure  5  to  be  10.8  kN/m  for  all  specimen  lengths  tested. 

The  total  energy  stored  in  the  pre-cracked  specimens  at 
initiation  as  a  function  of  specimen  length  Is  shown  In  Figure 
8.  These  data  for  a  specific  pre-crack  size  can  be  extrapo¬ 
lated  as  straight  lines  to  zero  specimen  length  and  this  energy 
also  can  be  Interpreted  as  the  energy  required  in  the  crack  tip 
region  to  Initiate  the  crack. 
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1  3U 

since  J  13  defined  as  “  g  ("T")  slope  of  U  for  1  - 
0  as  a  function  of  pre-crack  lef^th  would  be  equivalent  to  the 
critical  J  value  for  the  crack  tip  region  to  Initiate  the 
crack.  These  data  are  shown  In  Figure  9  and  the  slope  of  the 
line  Is  12  kN/m  virtually  the  .Mame  as  obtained  from  the  criti¬ 
cal  extension  at  i  -  0,and  Figure  5. 


FIGURE  8.  Stored  energy  at  Initia¬ 
tion  as  a  function  of  specimen 
length  and  pre-crack  size. 


FIGURE  9.  Total  stored 
energy  at  Initiation  In 
a  "zero"  length  specimen. 


Mixed  Mode 


The  results  of  the  multiple  specimen  tests  to  determine 
the  critical  conditions  for  mixed  mode  loading  conditions  were 
analyzed  in  the  same  way  as  the  results  for  Mode  I  studies. 
Attempts  to  measure  the  critical  conditions  for  pure  Mode  II 
were  unsuccessful  because  the  specimen  buckled  due  to  the  load¬ 
ing  conditions.  The  results  for  the  critical  J  value  In  the 
crack  tip  region  as  a  function  of  0  are  shown  In  Figure  10. 
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FIGURE  10.  Critical  J-lntegral  for 
Initiation  aa  a  function  of  crack 
angle.  And,  the  contribution  of 
Jj  and  Jjj. 


FIGURE  1 1 .  The  ratio  of 
crack  opening  dlaplace- 
nent  In  olxed  node  to 
pure  Mode  1  at  the 
critical  extension  for  a 
"xero"  length  specloen. 


Mode  II  loading  does  not  cause  any  crack  tip  opening, 
therefore  as  a  oeans  for  partitioning  the  contribution  of  Mode 
II  to  the  fracture  process  the  crack  opening  displacement  6  was 
measured  at  the  critical  extension  ratio  for  the  rero  length 
specimen  as  a  function  of  B.  The  ratio  n  of  crack  opening  dis¬ 
placement  B  for  any  value  of  B  to  6(B“0)  Is  shown  In  Figure  11. 
Based  on  this  experimental  result  and  since  It  Is  known  that  Jj 
Is  proportional  to  B  (3)  then 
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where  Y  is  an  unspecified  proportionality  factor.  Jj  jj  as  a 
function  of  n  is  shown  in  Figure  12  and  a  linear  extrapolation 
of  the  data  gives  the  critical  as  19  kN/m  and  Y  -  (1  •*  n)« 


FIGURE  12. 


/-integral 


Critical  eixsd  ande  for 
as  a  function  of  crack 


opening  displacefflent  ratio. 


FIGURE  13.  Energy  den¬ 
sity  a  a  function  of 
sine  for  a  specimen  with 
an  initial  radius  of  2mffl. 
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Crack  Opening 


The  extension  ratio  as  a  function  of  position  along  the 
notch  tip  for  different  notch  radii  were  measured,  converted  to 
energy  density  obtained  from  tensile  tests,  and  are  shown  in 
Figure  1 2  as  a  function  of  sin  O  for  different  imposed  notch 
radii.  These  data  were  obtained  in  specimens  of  different 
length  i. ,  width  w,  pre-notch  radius  Rp  and  pre-crack  length  a. 
The  data  were  independent  of  these  variables,  except  for  Rp, 
within  experimental  error.  The  J-lntegral  was  then  determined 
according  to  Equation  4  by  Intergrating  the  area  under  the  W- 
sin  9  curve  and  is  shown  in  Figure  1 3  as  a  function  of  the 
notch  tip  radius  and  shows  that  it  is  independent  w,  I,  and  a. 
The  J  value  re-ulred  for  initiation  of  crack  growth  from  a 
blunted  pre-crack  uin  be  obtained  by  this  procedure  if  the 
notch  radius  at  In'tlatlon  is  known.  Similar  data  were  ob¬ 
tained  as  a  function  nre-notch  tip  radius,  specimen  geometry 
and  carbon  black  content. 

This  procedure  is  tedious  and  cannot  be  applied  to  sharp 
cracks.  Therefore,  the  net  section  stress  was  measured  as  a 
function  of  crack  tip  radius  and  found  to  be  independent  of  i, 
w  and  a  (Figure  14).  These  data  were  used  in  Equation  5  to 
calculate  J  and  are  shown  in  Figure  15.  The  J  was  found  to 
be  equal  to‘^2.04  times  J  with  a  standard  deviation  of  0.14  for 
35  different  combinations  of  I,  w,  a  and  carbon  black  content. 

The  critical  value  of  J.  and  J.  were  determined  by  follow¬ 
ing  the  above  procedures  and  noting  the  critical  radius  at 
crack  Inltlatlonj  Figure  16  shows  J  as  a  function  of  the  pre¬ 
notch  radius  and  carbon  black  content.  J.  is  a  linear  relation 
of  pre-notch  radius,  Including  the  datl  obtained  for  a  sharp 
pre-crack,  and  also  carbon  black  content  increases  the  critical 
energy  release  rate  necessary  for  crack  initiation. 
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FIGURE  14,  Net  aectlon  atpeas  aa  a  function  of  crack 
tip  i-adlua  In  different  geometry  pre-cracked  apeclmen. 


FIGURE  15.  J-  and  J.aa  a  function  of  notch  radii. 


FIGURE  16..  J  at  crack  Initiation  as  a  function  of  carbon 
black  content  Tor  specimen  with  different  pre-notch  radii. 


DISCUSSION 


It  has  been  demonstrated  that  the  J  Integral  describes  the 
critical  condltlops  for  crack  initiation  in  carbon  black 
filled,  natural  rubber,  a  non-linear,  non-elastic  material. 
However,  the  critical  values  determined  by  the  multiple 
specimen  method  decrease  with  increasing  pre-crack  size.  But, 
analysis  of  the  critical  extension  as  a  function  of  crack  size 
and  specimen  length  shows  that  a  unique  value  of  the  extension. 
Independent  of  the  crack  size  and  specimen  length  is  obtained 
for  the  hypothetical  zero  length  specimen.  Calculating  the 
critical  J  with  this  value  of  extension  gives  a  geometry  inde¬ 
pendent  material  property  that  is  a  valid  measure  of  the 
resistance  of  the  rubber  to  crack  initiation.  This  critical  J 
is  the  critical  strain  energy  release  rate  in  the  crack  tip 
region  for  crack  initiation.  The  J  value  determined  by  the 
usual  multiple  specimen  procedure  represents  the  total  J  re¬ 
quired  and  Is  not  Independent  of  crack  size. 


The  J  integral  approach  also  allows  the  determination  of 
the  critical  conditions  for  crack  initiation  under  mixed  mode 
loading  conditions.  Mixed  mode  loading  may  be  Imp^'rtant  for 
some  practical  situations,  ^uch  as  wear.  By  measuring  the 
critical  J  value  as  a  function  of  8  it  was  possible  to  estimate 
the  critical  J  value  for  pure  Mode  II  loading  as  about  18  KN/m. 
The  basis  for  this  prediction  involves  two  assumptions:  1) 
that  the  crack  opening  in  mixed  mode  loading  is  due  to  the  Mode 
I  contribution  alone  and  2)  that  .the  relationship  of  Jj  jj  ^  to 
n  is  linear  over  the  entire  range  of  n.  The  first  asslimfftion 
seems  realistic,  but  the  second  is  less  certain.  However,  ac¬ 
tual  measurements  of  J „  don't  appear  to  be  possible  because 
of  buckling  of  the  specimen,  therefore  this  extrapolated  value 
is  believed  to  be  the  best  approximation  available. 

The  experimental  procedures  used  to  determine  the  critical 
J  values  by  the  multiple  specimen  procedure  are  involved  and 
time  consuming.  However,  by  considering  the  net  section 
stress  and  deflection  in  the  crack  tip  region  it  is  possible  to 
determine  the  critical  strain  energy  release  rate  in  the  crack 
tip  region  from  a  single  specimen  test.  That  is  the  material 
property  that  is  a  measure  of  the  resistance  of  the  material  to 
crack  initiation.  It  was  shown  that 


J,  ■  /  0  d6 


equals  one  half  the  true  value  that  follows  from  measure¬ 
ments  of  the  local  strain  energy  density  and  crack  tip  diameter 
as  suggested  by  Thomas  (9)  and  Rice  (8).  This  therefore  makes 
it  possible  to  measure  the  material  property  in  a  highly  dis¬ 
sipative  material  simply  by  measuring  the  load  and  crack  tip 
diameter. 

Baaed  on  this  simple  single  specimen  procedure  it  was  easy 
to  show  the  linear  dependence  of  the  fracture  properties  On 
carbon  black  content.  Therefore,  this  procedure  provides  an 
interesting  and  simple  way  to  study  the  effect  of  carbon  black 
on  fracture  properties. 
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CONCLUSIONS 


It  was  shown  that  the  critical  J  integral  for  crack  In¬ 
itiation  in  carbon  black  filled,  natural  rubber  is  a  valid 
material  property  (independent  of  specimen  geometry)  that 
describes  the  materials  resistance  to  crack  initiation.  Either 
multiple  or  single  specimen  procedures  could  be  used  to  study 
the  effect  of  other  variables,  such  as  carbon  black  content,  on 
fracture  properties. 
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PROSPECTS  FOR  THE  APPLICATION  OF  NONLINEAR  FRACTURE  MECHANICS 
TO  ELASTOMERS 


C.F.  SHIH,  R.D.  JAMES,  M.  ORTIZ,  S.  SURESH,  J.  DUFFY 
Division  of  Erjineering,  Brown  University,  Providence,  Rhode 
Island  02912 


Recent  developments  1n  the  theoretical  foundations  of  the 
phenomenological  theory  of  nonlinear  fracture  mechanics  are 
reviewed.  Small  and  finite  deformation  asymptotic  fields  for 
nonlinear  elastic  and  elastic-plastic  solids  together  with  the 
full-field  numerical  results  will  be  discussed.  We  examine  the 
relevance  of  these  crack-tip  fields  (and  their  characterizing 
parameters)  for  correlating  crack  Initiation  and  growth  In 
elastomers. 
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EFFECT  OF  CARBON  BUCK  ON  DYNAMIC  MECHANICAL  PROPERTIES  OF 
RUBBER* 


A.  I.  MEOALIA 

Consultant,  30  Dorr  Road,  Newton,  Massachusetts  02158 


Carbon  black,  which  is  the  preeminent  reinforcing  filler 
for  rubber,  has  a  profound  effect  on  the  dynamic  properties  of 
rubbfer;'  i.e.,  the  behavior  under  repeated  strain  cycling.  The 
nature,  loading,  and  dispersion  of  the  carbon  black  are  all 
important  in  these  respects.  Other  compositional  factors 
include  the  use  of  different  elastomers  and  blends,  crcss-link 
density,  oil  extension,  and  plasticii'rs.  Important  dynamic 
mechanical  properties  are  elastic  modulus  and  loss  parameters, 
including  hysteresis  and  heat  buildup. 

The  effects  of  carbon  black  on  the  dynamic  properties  of 
rubber  are  of  great  impo»‘tance  in  many  practical  applications, 
such  as  compound  design  for  automobile  passenger  tires,  off- 
the-road  tires,  and  tank  track  pads. 


*  Based  on  author's  paper  in  (1978)  Rubber  Chemistry  and 
Technology,  VoT.  51,  p.437. 
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COMPRESSIVE  FATIGUE  OF  ELASTOMERS 


D.  OWIGHTI,  N.  LAWRENCEI*,  L.C.  LOPEZl,  JACOB  PATT^ 

(1)  Department  of  Materials  Engineering,  Virginia  Polytechnic 
Institute  and  State  University,  Blacksburg,  Virginia  24060; 

(2)  Track  and  Suspension  Group,  U.S.  Army  Tank  Automotive 
Command,  Warren,  Michigan  48090 


Our  initial  studies  of  field  failures  on  track  pads  lead 
to  a  basic  research  program:  compressive  fatigue  of  elastomers 
is  carried  out  in  a  Goodrich  FI exometer  simulating  20  and  40 
mph  with  and  without  stress  raisers  and  with  various  degrees  of 
static  and  dynamic  strain.  Specimens  were  prepared  with 
controlled  variations  in  blending  conditions,  cure  cycles,  and 
rubber  compounding  ingredients  (e.g.  SBR,  NR  and  triblends,  7% 
to  60%  carbon  black,  Kevlar  filled,  curing  systems). 

Analyses  of  the  mechanothermal  hysteresis  behavior  will  be 
reported,  together  with  diagnoses  of  fatigue  micromechanisms 
via  swelling,  ESCA,  and  SEM. 

This  stuoy  was  sponsored  by  the  U.S.  Army  Tank  Automotive 
Command. 


♦Present  address:  FMC  Corporation,  San  Jose,  California. 
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THE  INFLUtNTE  OF  CAVITATION  IN  THE  MECHANICAL  BEHAVIOR  OF 
FILLED  POLYMERS  AND  MEAT  BUILD  UP  IN  NONHYSTERETIC  ELASTOMERS 


R.  J.  FARRIS,  R.  FALABELLA 

Polymer  Science  and  Engineering  Department,  University 
of  Massachusetts,  Amherst,  MA  01003 


INTRODUCTION 


The  mechanical  oehavior  of  phase  separated  polymer  blends 
and  composites  is  complicated  by  many  factors  of  which  the  for¬ 
mation  of  crazes  and  vacuoles  appears  to  be  the  dominant  factor 
governing  the  stress-strain  response  (1-10).  Crazes  and 
vacuoles  are  the  f'esult  of  strong  local  v^*riations  in  stress 
and  strain  at  the  microstructural  level.  When  the  material  is 
subjected  to  high  loads,  vacuoles  or  crazes  form  in  the  high 
stress  regions  of  the  microstructure  and  upon  doing  so  greatly 
relieve  the  local  multiaxial  state  of  stress.  In  systems  where 
these  crazes  cannot  readily  propagate,  crazing  will  occur 
throughout  the  microstructure.  Generally  speaking  the  onset  of 
microstructural  crazing  causes  a  volume  dilatation,  a  loss  in 
modulus  reinforcement,  and  an  irreversible  degradation  of  the 
microstructure  due  to  mechanical  loads  (1,2, 6, 7). 

it  has  been, generally  concluded  that  the  mechanisms  of 
craze  formation  and  growth  are  the  mechanisms  which  distinguish 
the  energy  absorption  capabilities  of  phase  separated  polymeric 
systems.  Since  most  very  high  impact  polymers  are  of  the 
crazing  variety,  there  must  be  some  truth  to  these  arguments. 

It  <s  important  to  note  however  that  over  a  decade  ago  the  same 
reasoning  was  being  put  forth  with  regard  to  the  mechanical 
behavior  of  very  highly  filled  elastoi.iers.  It  was  erroneously 
concluded  that  because  of  the  large  amounts  of  near  rigid  par¬ 
ticulate  filler  that  these  systems  contained,  vacuole  formation 
and  growth  was  ta  be  expecteo  and  was  in  fact  the  mechanism 
that  permitted  these  systems  to  exhibit  high  elongations. 

Years  later,  when  experiments  were  conducted  under  high 
superimposed  pressure  (1,2),  it  was  found  that  pressure  greatly 
suppressed  vacuole  formation  and  growth  and  generally  resulted 
in  a  marked  improvement  in  all  mechanical  properties,  espe¬ 
cially  the  stress  and  energy  absorption  characteristics. 
Interestingly,  in  the  range  of  strain  before  vacuole  formation, 
pressure  had  no  influence  on  the  mechanical  properties. 

The  main  purpose  of  this  paper  is  to  demonstrate  the 
striking  similarity  between  the  behavior  of  particulate  filled 
polymers  and  phase  separated  polymers.  The  changes  in  mechani¬ 
cal  properties  of  these  materials  with  deformation  is  almost 
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totally  dependent  upon  the  vacuole  formation  process  and  the 
factors  controlling  this  pro-ess  are  not  that  well  understood. 
The  interesting  conclusion  one  can  draw  from  the  experiences  of 
researchers  who  work  with  highly  filled  polymers  is  that  if 
craze  formation  could  be  suppressed,  then  the  mechanical  pro¬ 
perties  of  high  impact  polymers  could  be  improved.  This  obser¬ 
vation  is  contrary  to  the  thoughts  of  many  in  the  polymer 
community  who  believe  that  craze  formation  and  growth  is  one  of 
the  main  mechanisms  leading  to  very  high  impact  charac¬ 
teristics. 

Another  interesting  observation  is  that  many 
thermoplastic'’  nlastics  that  have  been  tested  in  a  uniaxial 
tension  utode  i.‘.  our  laboratories  exhibit  negative  volure 
changes  in  the  strain  region  before  yield.  Others  before  have 
observed  the  same  or  equally  confusing  results  and  many 
researchers  dismiss  such  observations  as  experimental  errors. 

It  is  demonstrated  that  such  observations  can  be  real  and  are 
possible  within  the  framework  of  linear  elastic  theory. 


EXPERIMENTAL 


All  of  the  data  discussed  in  this  paper  was  obtained  using 
a  gas  dilatometer  (9)  in  conjunction  with  a  standard  tensile 
tester.  These  dilatometers  yield  simultaneous  and  continuous 
measurements  of  stress,  strain  and  volume  dilatation  over  a 
wide  range  of  test  conditions  including  strain  rate,  tem¬ 
perature  and  superimposed  hydrostatic  pressure.  Stress  and 
strain  are  measured  in  the  usual  manner  within  the  dilatometer 
which  is  equipped  with  internal  force  transducers.  Volume 
dilatation  is  assessed  by  measuring  the  change  in  pressure  of 
the  gas  surrounding  the  uniaxial  test  specimen  as  it  is 
deformed  in  a  constant  volume  chamber.  The  instrument  is  quite 
accurate  and  only  responds  to  changes  in  sample  volume.  Under 
normal  operating  conditions  the  instrument  can  detect  changes 
in  volume  of  ±.02  percent  and  greater  accuracy  can  bo  achieved 
if  measures  are  taken  to  control  temperature  and  minimize  the 
free  air  volume  within  the  test  cavity. 


Fi 1  led  El astomers 


The  stress-strain-di latational  response  of  filled  polymers 
is  very  sensitive  to  material  factors  such  as  particle  size, 
filler  concentration,  coupling  agents  to  enhance  adhesion  and 
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matrix  modulus  and  strength  (6).  It  is  also  sensitive  to  test 
conditions  such  as  strain  rate,  temperature,  and  stress  field. 
Generally  speaking  any  modifications  to  the  material  that  will 
reduce  vacuole  dilatation,  such  as  reducing  the  particle  size, 
greatly  improves  the  properties  of  these  materials  (6).  Figure 
1  illustrates  the  behavior  of  three  highly  filled  elastomers. 
From  this  data  it  is  clear  that  yielding  or  stress  Softening  is 
a  direct  result  of  volume  dilatation  caused  by  the  formation 
and  growth  of  vacuoles.  The  effect  of  superimposed  pressure  on 
the  stress-strain  volume  dilatation  properties  are  shown  in 
Figure  2  and  3  for  another  highly  filled  rubber  based  solid 
propellant  for  two  different  strain  rates.  These  data  clearly 
demonstrate  that  reduction  in  vacuole  formation  and  growth 
via  high  pressure  greatly  improves  their  mechanical  properties, 
especially  strength  and  strain  energy  to  rupture.  With  these 
low  modulus  composites,  high  pressure  acts  like  a  super  bonding 
agent  and  does  not  allow  for  much  vacuole, formation. 

Vacuole  dilatation  information  itself  is  not  simply 
interpreted.  The  data  instead  are  best  understood  through 
models  of  microstructural  failure  (1).  Assuming  a  single  size 
of  spherical  filler  particles  encompassed  by  elliptically 
shaped  voids  that  form  arbitrarily  in  strain,  and  once  formed 
grow  at  a  constant  rate  with,  further' deformation,  then  one  can 
readily  separate  vacuole  growth  from  vacuole  formation.  Models 
such  as  the  one  described  above  have  been  substantiated  by 
microscopic  studies.  The  solution  of  such  models  (1)  indicates 
that  the  first  derivative  of  vacuole  dilatation  with  respect  to 


FIGURE  I.  Stress-strain  dilatational  behavior 
of  three  highly  filled  elastomers. 
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FIGURE  2.  Stress-strain  dilatational  behavior 
of  a  63.5  vol  %  filled  elastomer  at  a  series  of 
hydrostatic  pressures. 


FIGURE  3.  Stress-strain  dilatational  behavior 
of  a  63.5  vol  %  filled  elastomer  at  a  series  of 
hydrostatic  pressures  at  a  high  strain  rate. 


strain,  e, is  directly  proportional  to  the  cumulative  number  of 
vacuoles  per  unit  volume,  n,  that  exist  at  any  strain.  The 
second  derivative  is  then  directly  proportional  to  the 
Instantaneous  frequency  distrioution  of  vacuole  formation. 
These  two  results  can  be  expressed  mathematically  as 
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Data  similar  to  that  obtained  on  highly  filled  Elastomers 
was  recently  taken  on  a  variety  of  thermoplastics,  pese  data 
are  Illustrated  In  Figure  5  tor  a  particulate  filled  polyethy¬ 
lene  with  and  without  a  bonding  agent.  Figure  6  and  7 
illustrate  similar  data  for  an  ABS  polymer  with  and  vilthout 
chopped  glass  fiber  reinforcement.  Additional  data  bn  nylon 
and  polypropylene,  Figures  3  and  9,  has  been  obtained  and 
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FIGURE  5.  Stress-strain  dilatational  behavior 
of'  a  filled  high-density  polyethylene  with  and 
without  a  coupling  agent. 


Sfroifi 

FIGURE  6.  Stress-strain  dilatational  behavior 
oTABS. 


several  other  polymeric  systems  also  show. similar  results  in 
that  yielding  is  caused  by  cavitation  of  the  microstructure. 
These  data  were  all  obtained  using  injection  molded  samples 
provided  by  the  polymer  manufacturer.  In  every  situation  using 
these  samples  negative  volume  changes  have  been  observed  prior 
to  yielding  followed  by  a  sudden  increase  in  volume  rate  at 
yield.  The  Instrument  was  checked  several  times  and  it 
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FIGURE  9.  Stress-strain  dilatational  behavior 
of  polypropylene . 


demonstrated  no  sensitivity  to  load  or  stroke.  After  deter¬ 
mining  that  these  negative  volume  changes  were  real  it  was 
thought  that  the  effect  could  be  induced  by  the  method  of 
gripping  the  samples.  However,  considerable  variations  in 
gripping  methods  showed  no  significant  change  in  the  obser¬ 
vations,  Consequently,  the  effect  is  considered  real  and  a 
logical  explanation  must  exist.  The  only  possible  explanation 
considered  that  is  consistent  with  all  of  our  observations  is 
that  of  anisotropic  behavior.  The  reason  most  people  dismiss 
such  observations  to  "poor  experimental  technique"  is  that  they 
restrict  their  thinking  to  isotropic  linear  elasticity  wherein 
such  observations  are  impossible  and  a  contradiction  to  theory. 
With  that  interpretation  these  data  would  yield  a  value  for 
Poisson's  ratio  greater  than  0.5,  which  is  of  course  impossible 
for  an  isotropic  linear  solid.  The  restrictions  on  Poisson's 
ratio  in  elasticity  theory  come  about  by  imposing  a  positive 
definite  strain  energy  requirement,  that  is  if  the  body  is  in  a 
deformed  state  it  must  possess  a  finite  positive  strain  energy 
density.  For  a  linear  elastic  isotropic  solid  the  constitutive 
equation  can  always  be  expressed  as 


0  ■ 

1  -u  -u 

1 

^2 

a  ^ 

E 

-o  1  -u 

/3. 

-u  -u  1 

where 


u 


principal  strains 
principal  stresses 
Young's  modulus 
Poisson's  ratio 


(3) 
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For  the  energy  to  be  positive  definite  the  compliance 
matrix  must  satisfy  certain  conditions  which  can  be  summarized 
as  follows 

(a) every  diagonal  element  trust  be  greater  than  zero 

(b) the  determinant  of  each  submatrix  remaining  when  the 
.  row  and  columns  containing  a  diagonal  element  are 

deleted  must  be  positive 

(c) the  determinant  of  the  compliance  matrix  must  be 
positive. 

For  an  isotropic  linear  elastic  solid  the  first  condition 
is  automatically  satisfied  since  each  diagonal  element  is 
unity.  The  second  condition  results  in  three  identical 
equations 


1  -  >  0  or  -1  <  j  <  1 


(4) 


The  final  condition  yields  a  stronger  constraint 


1  -  3u^  -  2u^  >  0  or  -1  <  u  <  1/2  (5) 


In  a  uniaxial  tensile  test  the  volume  dilatation  simply 
becomes 


AV/Vo  «  -  (1  -  2u), 
E 


(6) 


which  demands  that  the  stress  and  dilatation  have  the  same  sign 
if  u  is  to  be  no  larger  than  0.5. 

Using  identical  methods  one  can  write  the  stress-strain 
equation  for  an  orthotropic  linear  elastic  solid  in  terms  of 
the  principal  values  of  stress  and  strain  as 
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where  the  compliance  matrix  must  be  symmetric  if  the  state  of 
strain  energy  is  to  be  unique  and  only  a  function  of  the  final 
state  of  stress  and  strain. 

In  order  to  have  a  positive  definite  strain  energy  density 
the  conditions  cited  above  demand  that 


(a)  Cl  1 ,  C22 *^33  ^ 

(b)  C11C22  ■  ^12^  ^  ^ 

(c)  C11C33  -  Ci3^  >  0 

(d)  C22C33  -  C23^  >  0 

(e)  C11C22C33  +  2C12C23C13 

CiiC23^  >0 


The  volume  change  in  a  uniaxial  tensile  test  for  the 
orthotropic  case  simply  becomes 


*V 

—  ”  (Cl  1  +  C12  Ci3)a  (9) 

Vo 

In  order  to  have  negative  volume  changes  in  a  tensile  test 
one  must  require  that 


AV 

Cii  +Ci2  +Ci3  <0if  —  <0  when  n  >  0  (10) 

Vo 


(8) 


■  C22C 


13 


-  C33C12 


Therefore  equation  8  must  be  satisfied  to  yield  a  valid 
constitutive  equation  from  an  energy  perspective  and  equation 
10  must  be  satisfied  to  yield  the  experimental  observations. 
It  can  be  shown  that  the  conditions  of  equations  8  and  10  can 
be  met,  however  the  proof  is  a  tedious  algebraic  problem.  An 
indirect  proof  by  example  is  just  as  valid  since  if  these  con 
ditions  are  met  there  are  no  other  restrictions  that  can  be 
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itipcsed  from  a  thermodynamic  point  of  view.  Consider  the 
compliance  matrix 


/  1  -.7  -.A 


This  matrix  clearly  satisfies  all  our  conditions  yet 
yields  a  value  of  Poisson's  ratio  of  0.7  and  strong  negative 
volume  changes  In  a  tensile  test.  Consequently  small  amounts 
of  anisotropy  can  result  In  negative  dilatation.  It  is 
believed  that  the  anisotropy  is  caused  by  the  orientation  of 
the  tnelt  and  subsequent  rapid  coding  In  these  Injection  molded 
samples,  which  are  known  to  contain  orientation  and  residual 
stress  effects. 

With  the  exception  of  the  negative  volume  changes  prior  to 
cavitation  the  behavior  illustrated  in  Figures  5  through  9  for 
thermoplastics  are  remarkably  similar  to  that  observed  in 
filled  elastomers  where  vacuole  dratatlon  is  known  to  lower 
the  properties  of  the  composite  material.  These  data  Indicate 
that  If  vacuole  dilatation  could  be  minimized,  the  strain 
energy  characteristics  to  rupture  could  be  increased  resulting 
in  an  Improvement  of  Impact  properties.  What  factors  control 
the  vacuole  process  In  incompatible  polymer  blends  or 
semi  crystal  line  polymers  is  not  known;  however,  the  effect 
should  be  strongly  dependent  upon  the  sizes  and  concentrations 
of  each  phase  and  the  coupling  between  phases  In  a  manner  simi¬ 
lar  to  that  observed  with  filled  elastomers.  It  would  appear 
that  systematic  dilatational  studies  on  these  systems  could 
shed  considerable  light  on  the  mechanisms  leading  to  high 
Impact  performance. 


Energy  Dissipation  in  Polymeric  Materials 


The  measurement  of  stress  and  strain  provides  valuable 
information  about  the  deformation  processes  in  polymers; 
however,  this  conjugate  variable  pair  is  but  one  of  several 
thermodynamic  variables  of  fundamental  interest.  A 
corresponding  measurement  of  the  heat  of  deformation  as  well  as 
the  work  enable  one  to  calculate  Internal  energy  changes  for 
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deformation  using  the  first  law  of  thermodynamics.  It  seems 
likely  that  internal  energy  changes  during  deformation  would  be 
extremely  sensitive  to  both  morphological  and  molecular 
changes. 

One  of  the  first  people  to  recognize  the  importance  of 
deformation! calorimetry  was  F.H.  Muller  who,  with  A.  Engelter, 
introduced  ^  new  method  of  measuring  heat  flow  during  solid 
deformation  (12).  This  deformation  calorimeter  consisted  of  a 
constant  volume  sealed  sample  chamber  and  sensor  which  compared 
pressure  in  this  chamber  to  the  pressure  in  a  reference 
chamber.  TIfie  pressure  change  due  to  heat  flow  during  defor¬ 
mation  was  tompensated  by  an  electrical  heat  generated  in  the 
reference  cfiamber.  Similar  instruments  were  constructed  by 
Morbitzer,  fet  al.(13)  and  Foster  and  Benner  (14).  An 
alternate  type  of  deformation  calorimeter  is  based  on  the 
Tian-Calvet|  principle.  This  instrument  operates  by  measuring 
temperature!  differences  between  the  calorimeter  inner  and  outer 
walls  and  rielating  these  temperature  differences  to  heat 
fluxes.  Thfe  total  heat  may  be  calculated  from  heat  fluxes. 
Instruments!  of  this  type  have  been  constructed  by 
Godovskii  (il5),  Andrianova  (16)  and  Hohne  and  Killian  (17). 

A  novel  deformation  calorimeter  was  developed  in  this  labora¬ 
tory  to  meajsure  the  thermodynamic  quantities  for  the  defor¬ 
mation  of  various  polyurethane  elastomers.  The  motivation  for 
the  thermodynamic  measurements  on  polyurethanes  was  the  use  of 
these  substances  as  the  working  material  in  a  rubber  heat 
engine.  Tijesa  detailed  studies  were  done  by  Lyon  (18-21). 

When  materials  are  deformed,  the  work  required  to  deform 
the  material  goes  into  changing  the  material's  kinetic  energy, 
.leat  and  changes  in  internal  energy.  In  most  materials,  that 
portion  of jthe  work  that  does  not  go  into  kinetic  energy  even¬ 
tually  appears  as  heat  and  no  internal  energy  change  is 
observed.  jThis  observation  is  especially  true  in  materials 
capable  of  large  amounts  of  energy  disipation  such  as  liquids 
and  the  plastic  deformation  of  metals.  Similar  observations 
hold  for  igeal  rubbers  and  viscoelastic  phenomena.  There  is 
essentially  no  limit  to  the  amount  of  energy  these  materials 
can  dissipate,  provided  the  heat  is  transferred  to  the 
surroundings  to  eliminate  the  possibility  of  thermal  degrada¬ 
tion.  Thebe  is  also  no  real  limit  to  the  strain  capabilities  of 
soft  metals  which  can  be  drawn  almost  endlessly.  So-called 
polymeric  thermoplastics  are  really  not  "plastic"  in  the  sense 
that  metals  are  plastic  in  that,  in  metals,  a  real  "flow"  is 
achieved  and  all  the  dissipation  is  released  as  heat. 

Polymeric  thermoplastics,  unlike  fluids,  metals  undergoing 
plastic  deformation  and  viscoelastic  materials  do  not  readily 
convert  work  into  heat.  One  observes  that,  with  both  semi- 
crystalline  and  amorphous  thermoplastics,  30  to  50%  of  the  work 
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of  deformation  does  not  get  released  as  heat  and  consequently 
must  change  the  material's  internal  energy.  These  changes  in 
internal  energy  at  constant  temperature  really  reflect  changes 
in  the  make-up  of  the  material.  Factors  that  can  change  the 
internal  energy  are  changes  in  crystallinity  or  crystal  type, 
primary  or  secondary  bond  rupture,  and  latent  free  energy. 

Unlike  energy  disssipated  as  heat,  there  would  appear  to  be 
limits  to  the  amount  one  can  change  the  internal  energy. 

With  thermoplastic  elastomers  the  problem  is  more  conplex. 
The  hard  segments  that  phase  separate  and  form  either 
crystalline  or  glassy  physical  crosslinks  are  really  ther¬ 
moplastics  and  can  be  plastically  deformed  and  can  yield  large 
changes  in  internal  energy.  This  problem  of  flow  of  the  hard 
segments  is  pronounced  at  high  stress  levels  and  elevated  tem¬ 
peratures.  Hence,  if  normal  dissipation  leads  to  heat  build¬ 
up,  hard  segment  flow  and  internal  energy  changes  are  likely. 

If  thermoplastic  elastomers  are  to  behave  like  crosslinked 
elastomers  over  a  broad  range  of  conditions,  esoecially  those 
involving  energy  dissipation,  it  is  important  that  they  behave 
similarly  to  crosslinked  elastomers,  namely,  no  large  changes 
in  internal  energy.  By  contrasting  the  thermodynamics  of 
deformation  of  these  thermoplastic  elastomers  with  crosslinked 
elastomers  as  a  function  of  stress  level,  strain  and  tem¬ 
perature,  one  can  better  assess  just  how  these  materials  dissi¬ 
pate  energy  and  how  the  chemical  structure  influences  such 
behavior. 

The  first  law  of  thermodynamics  when  written  in  differen¬ 
tial  form  applies  only  to  smooth  or  continuous  stresses  and 
deformations.  Shocks  are  not  included  in  this  type  of  deriva¬ 
tion.  There  are  special  types  of  dissipation  that  are 
available  in  shock  or  wave  motion  and  can  occur  in  purely 
elastic  materials  such  as  gases  or  elastomers.  For  example,  in 
the  free  expansion  of  an  ideal  gas,  no  work  is  done  and  no  heat 
is  transferred.  Consequently,  if  one  repeatedly  compresses  a 
gas  adiabatically  and  expands  it  freely,  the  temperature  will 
rise  without  limit.  One  puts  in  work  during  the  compression 
raising  the  internal  energy,  and  the  internal  energy  remains 
unchanged  during  the  free  expansion.  Hence,  the  internal 
ener"gy  is  raised  with  each  cycle.  For  such  mechanisms  to  be  of 
importance,  the  material  must  be  capaole  of  storing  large 
amounts  of  mechanical  energy.  Gases  and  elastomers  are  about 
the  only  two  classes  of  materials  in  this  category  and  are 
capable  of  storing  hundreds  of  times  more  energy  than  other 
materials.  Any  mechanisms  leading  to  shocks  or  free  contrac¬ 
tions  in  a  material  can  lead  to  heating  that  cannot  be 
explained  by  normal  viscoelastic  arguments.  Such  mechanisms  are 
possible  in  belts  and  tires  and  possibly  tank  pads.  Analyses 
of  this  type  of  problem  should  be  pursued  and  related  to  the 
performance  of  elastomeric  treads. 
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ABSTRACT 

Computer  models  of  the  T142,  TI56  and  the  British  Chieftain 
tank  tracks  hove  been  studied  as  part  of  a  program  to  exarr.ine  the 
tank-track-pad  failure  problem.  The  modeling  is  bosed  on  the  finite 
element  method  with  two  different  models  being  used  to  evaluate  the 
thermal  and  mechanical  response  of  the  tracks.  Modeling  has  enabled 
us  to  evaluate  the  influence  of  track  design,  elastomer  formulation  and 
operating  scenario  on  the  response  of  the  track.  The  results  of  these 
analyses  have  been  evaluated  with  experimental  tests  that  quantify  the 
extent  of  damage  development  development  in  elastomers  and  thus 
indicate  the  likelihood  of  pad  failure  due  to  "cutting  and  chunking." 
The  primary  chordcteristics  influencing  the  temperatures  achieved  in 
the  track  are  the  heat-generation  rate  and  the  track  geometry.  The 
heat-generation  rate  is  related  to  the  viscoelastic  material  properties 
of  the  elastomer,  track  design  arxi  loading/operating  scenario.  For  all 
designs  and  materials  studied  stresses  produced  during  contact  with  a 
flat  roadway  surface  were  not  considered  large  enough  to  damage  the 
pad.  Operating  scenarios  were  studied  in  which  the  track  pad  contacts 
rigid  bars  representing  idealized  obstacles  in  cross  country  lerrain.  A 
highly  localized  obstacle  showed  the  possibility  for  subsurface 
mechanical  damage  to  the  track  pad  due  to  obstacle  contact.  Contact 
with  a  flat  rigid  bar  produced  higher  tensile  stresses  that  were  near  the 
damage  thresholds  for  this  material  and  thus  capable  of  producing 
cutting  and  chunking  failures. 


INTRODUCTION 


Computer  modeling  of  tank  tracks  can  provide  significant  insight 
into  the  field  response  of  track.  Lawrence  Livermore  National 
Laboratory  (LLNL)  has  been  involved  in  a  study  of  the  tank  track-pad- 
failure  problem  for  the  U.  S.  Army  Tank- Automotive  Command.  The 
problem  is  one  of  limited  service  life  and  high  replacement  costs 
associoted  with  the  premature  failure  of  the  pads.  A  portion  of  this 
study  nos  involved  developing  finite  element  models.  Two  different 
models  were  studied.  One  is  a  mechanical  model  in  which  the  solid 
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mechanics  response  of  the  track  in  typical  operating  scenarios  can  be 
evaluated.  From  the  results  of  this  analysis,  we  typically  examine  the 
stresses  and  the  irreversible  mechanical  work  done  in  various  rubber 
portions  of  the  track.  The  second  is  a  thermal  model  in  which  the 
temperatures  developed  during  vehicle  operation  ore  determined. 

Both  models  were  generated  and  analyzed  using  finite  element 
codes  developed  at  LLNL.  Our  purpose  here  was  to  apply  these  codes 
to  the  track-pad-failure  problem.  The  primory  codes  used  in  this  study 
were  N1KE2D  and  TAC02D.  N1KE2D  is  a  two-dimensional  finite 
deformation  code'  that  solved  the  mechanics  problem  represented  by 
the  mechanical  model.  TAC02D  is  a  two-aimensional  finite  element 
heat  transfer  code^  used  in  the  thermal  modeling. 

The  N1KE2D  code  has  a  number  of  features  that  make  it 
pKirticularly  suitable  to  the  study  of  track  problems.  One  of  these 
features  is  the  slideline  capability  that  permits  accurate  modeling  of 
material  contact  problems.  Such  a  capability  is  highly  desirable  in 
track  problems  in  that  the  weight  of  the  tank  is  transferred  to  the 
track  by  means  of  a  rolling  roadwheel;  and,  modeling  the  Interaction 
between  a  track  pad  arxl  the  terrain  is  of  criticol  importance.  Another 
feature  is  that  the  code  is  non-linear  and  is  capable  of  solving  finite 
strain  problems  associated  with  the  deformotion  of  the  rubber  portions 
of  the  track. 

The  computer  models  of  track  can  be  used  to  study  the  influence 
of  design  and  material  changes  on  the  trock-pod-failure  problem.  It 
olso  can  be  used  to  evaluate  the  influence  of  track  operating 
parameters  (sucn  os  operating  scenario  afid  vehicle  weight)  on  the 
problem.  The  methodology  that  was  used  is  shown  schematically  in 
Figure  I.  The  track  design,  material  properties,  and  characteristics  of 
the  operating  sceixirio  are  represented  in  the  models  and  are  inputted 
into  the  codes.  The  results  of  the  finite  element  analyses  are  examinea 
primorily  for  the  stresses,  temperatures,  and  irreversible  mechanical 
work  done.  The  irreversible  mechanicol  work  con  be  used  to  calculate 
the  heat-generation  rate  for  rubber  elements  in  the  track.  The  heat- 
generation  rate,  in  turn,  is  one  of  the  input  quantities  for  the  thermal 
code. 


Tank  track  pads  are  known  to  fail  by  o  number  of  different 
mechanisms.  In  one  of  the  most  common,  known  as  cutting  and 
chunking,  the  initiation  and  propagation  of  cuts  causes  small  pieces  of 
rubber  to  be  torn  from  the  track  pad.  The  failure  evaluations  discussed 
in  this  report  address  this  failure  mode.  The  temperatures  and  stresses 
predicted  by  the  models  together  with  these  failure  evaluations  can  be 
used  to  determine  the  likelihood  of  pad  failure. 
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Relates  laboratory  tests  to  field  nerformance 
t"  I  Evaluates  likelihood  of  pad  failure 


FIGURE  I.  Methodology  used  to  study  the  track  pad  failure  problem. 


MECHANICAL  MODEL 

Both  thermal  and  mechanical  models  for  cl  I  track  desigru  studied 
were  based  on  a  cross  section  of  track.  The  shoe  and  relevant  sections 
of  the  TI42  track  are  shown  in  Figure  2.  The  mesh,  boundary 
conditions  and  slidelines  used  in  this  problem  are  shown  in  Figure  3. 
Notice  that  the  rpadwheel  and  the  road  surface  are  incorporated  into 
the  model.  A  frictionless  slideline  was  used  between  the  roadwheel  and 
roadwheel  path.  This  permitted  the  rolling  of  the  roadwheel  to  be 
simulated  by  frictionless  sliding.  The  weight  of  the  tank  is  applied  to 
the  track  through  this  roadwheel  which  then  rolls  across  the  track 
section.  The  roadwheel  traverses  the  track  section  three  times  so  os  to 
achieve  a  steady-state  hysteresis  loop  representotive  of  multiple 
roadwheel  passes.  The  tension  placed  on  the  modeled  section  of  track 
by  neighboring  sections  was  also  represented  as  shown  in  Figure  3.  A 
slideline  was  placed  between  the  bottom  of  the  pad  and  a  rigid  flat 
surface  to  realistically  represent  contact  with  a  roadway. 

The  stress-strain  behavior  of  the  elostomer  was  represented  by 
the  linear  viscoelastic  material  model  contained  in  NIKE2D.  In  this 
material  model  the  shear  behavior  is  considered  to  be  viscoelastic  and 
is  derived  from  a  three  element  standard  linear  solid.  The  bulk 
behavior  is  considered  to  be  elastic.  The  suitability  of  this  material 
model  has, been  evaluated  for  the  large  strain  problems  encountered  in 
this  study  .  The  model  does  have  limitations.  However  it  can  provide 
a  reasonable  engineering  representation  of  the  stress-strain  behavior 
for  reinforced  rubber  subject  to  large  deformation  in  a  primarily 
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FIGURE  2.  Stx)e  and  relevant  sections  of  the  Tl42  track.  Thermal  and 
mechanical  models  were  based  on  a  cross  section  of  track. 


compressive  strain  field  provided  the  moterial  porameters  are 
evaluated  at  the  strain  range  and  loading  frequency  of  interest. 
Material  parameters  were  evaluated  from  rubber  cylinders  that  were 
loaded  in  compression  in  a  cyclic  manner  in  a  servo-hydraulic  test 
system.  Three  different  elastomer  formulations  were  tested  and 
evaluated  in  the  modeling  work  reported  in  Ihis  paper.  Two  of  the 
elastomers  were  obtained  from  commercial  track  pads  —  a  T142  track 
pad  and  a  softer  formulation  from  a  T 156  track  pad.  We  also  evaluated 
the  response  from  a  very  stiff  elastomer  containing  35  weight  percent 
(62.9  phr)  carbon  black.  The  formulation  for  this  material  has  been 
given  previously  .  Linear  elastic  behavior  was  assumed  for  ail  metal 
components  of  the  track. 


THERMAL  MODEL 


In  the  thermal  model,  heat  transfer  was  considered  to  occur  in 
the  track  section  under  study  (as  shown  in  Figure  2).  Because  of  the 
high  length  to  width  rniio  of  the  track  pod  and  the  poor  thermal 
diffusivity  of  rubber,  heat  losses  ct  the  end  of  the  oad  have  relatively 
little  influence  on  temperatures  in  interior  sections.  Thus,  for  interior 
sections,  heat  f,ow  occurs  only  in  the  plane  section  under  study.  We 
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FIGURE  3.  Mesh,  boundary  conditions  and  slidelines  used  in  the 
mechanical  model  of  the  T 142  track. 


have  found  that  boundary  conditions  can  be  represented  well  by 
convective  heat  transfer  at  all  eyternal  surfaces  of  the  track.  The 


convective  film  coefficient  was  obtained  from  surface  t^perature- 
time  measurements  mode  in  the  field  on  a  moving  M60  tank^. 


Thermal  properties  (density,  heat  capacity,  thermal  conductivity) 
were  determined  from  experimental  tests.  The  heat-generation  rate 
also  needs  to  be  used  in  the  thermal  model.  It  was  obtained  for  each 
element  from  the  mechanical  work  done  as  determined  from  the 
mechanical  model.  The  most  suitable  approach  for  studying  this 
problem  would  use  coupled  thermal  and  mechanical  codes  in  which  an 
update  on  material  prof^erties  for  both  codes  (in  this  cose  primarily  the 
viscoelastic  properties  and  the  heat-generation  rate)  is  done  as  the 
problem  is  run.  However,  coupled  codes  did  hot  exist  at  the  time;  thus, 
we  took  advantage  of  two  physical  characteristics  of  this  problem  in 
obtaining  a  solution.  The  first  is  that  the  temperature  in  a  cyclically 
loaded  track  pod  rises  very  slowly  (requiring  more  than  1.5  hours  to 
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reach  steady  state);  thus,  the  temperature  of  the  rubber  experiences 
virtually  no  change  during  the  loading  and  >jnloading  process.  The 
second  characteristic  is  that  the  viscoelastic  material  constants 
decrease  with  increasing  temperature  and  change  very  little  above 
100°  C.  Thus,  we  assumed  that  when  all  rubber  elements  of  the  track 
are  above  100°  C  there  is  no  change  in  mechanical  response  and, 
therefore,  no  change  in  heat-generatiof)  rate.  Therefore,  we  evaluated 
the  mechanical  model  (and  the  heat-generation  rates  for  each  element) 
at  ambient  temperature  and  100°  C.  The  heat-generation  rate  for  each 
element  is  assumed  to  vary  in  a  linear  fashion  with  temperature 
between  these  two  temperatures.  It  is  assumed  to  be  constant  above 
100°  C.  Analysis  for  temperature  build-up  in  the  thermal  model  was 
done  for  a  speed  of  20  mph.  Additional  details  can  be  found  in 
reference  6. 


OPERATING  SCENARIO  STUDIES 


We  evaluated  the  response  of  the  TI42  track  pad  upon  contact 
with  a  flat  rigid  surface  (roadway)  and  two  different  rigid  localized 
obstacles.  Results  for  the  fiat  surface  scenario  are  shown  in  Figure  4 
for  two  different  temperatures  of  operation,  25°  C  and  100°  C. 
Material  constants  were  obtained  from  the  rubber  in  a  TI42  track 
pad.  In  both  cases  all  elements  were  given  properties  determined  at 
the  particular  temperature.  The  100°  C  study  represents  the  correct 
mechanical  response  if  all  elements  are  at  100°  C  or  above,  since,  as 
noted  before,  the  viscoelastic  mechanical  properties  of  the  material 
studied  show  little  change  above  100°  C. 

Results  of  the  mechanical  model  are  presented  primarily  in  terms 
of  maximum  principal  stress;  and  either  damage  development  or  failure 
is  examined  assuming  a  maximum  principal  stress  criterion.  Contour 
plots  in  Figure  4  show  that  the  maximum  principal  stresses  are  not 
strongly  infkenced  by  temperature.  The  Mohr's  circle  in  Figure  4 
shows  the  state  of  stress  at  point  x  for  the  25°  C  case.  Stresses  are 
small  with  no  tensile  stresses  being  present.  Thus,  os  observed  in  field- 
tested  TI42  track  pads,  cutting  and  chunking  failures  are  not  expected 
during  vehicle  operation  on  a  paved  surface. 

One  of  the  more  important  quantities  that  can  be  calculated  in 
the  analysis  of  any  track  model  is  the  work  done.  This  quantity 
represents  the  strain  energy  stored  in  the  rubber  which  can  be  used  to 
calculate  the  heat-generation  rates  for  individual  rubber  elements. 
Contour  plots  of  tfw  work  done  at  two  different  locations  of  the 
roadwheel  are  shown  in  Figure  5.  The  value  of  these  plots  is  that  they 
show  where  the  maximum  energy  is  stored.  They  also  provide  an 
indication  of  how  the  heat  generation  rate  varies  ttfoughout  the  pad. 
Actual  contour  plots  of  heat  generation  rote  are  not  available.  The 
heat-generation  rate  is  a  maximum  within  the  track  pad  underneath  the 
binocular  tube. 
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STATE  OF  STRESS  AT  POINT  X 


FIGURE  4.  Contours  of  maximum  principal  stress  for  the  T142  track 
during  contact  with  a  flat  roadway  surface.  Results  are  given  for  two 
different  operating  temperatures,  25°  C  and  100°  C.  The  Mohr  s  circle 
shows  the  state  of  stress  at  point  "x". 
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FIGURE  5.  Contour  plots  of  work  done  for  the  TI42  track  at  two 
different  locations  of  the  roadwheel. 

Temperature  contours  developed  in  the  TI42  track  after  1.7  hours 
of  continuous  operation  on  a  paved  roadway  are  shown  in  Figure  7.  The 
interior  regions  of  the  pad  achieved  temperatures  that  were  over  50°  C 
hotter  than  those  at  the  surface.  The  maximum  temperature  was  152° 
C  whereas  surface  temperatures  were  about  100°  C.  In  our  first 
studies  of  the  thermal  model  ,  heat  generation  rates  were  obtained 
from  field  data.  Surface  and  internal  pad  temperatures  were  measured 
on  a  TI42  track  operated  at  constant  velocity  on  a  paved  course. 
Results  are  shown  in  Figure  8.  Thermal  model  calculations  predicted  a 
temperature-time  response  that  was  within  6°  C  of  the  temperature¬ 
time  response  measured  in  the  field. 

Obstacle  scenarios  studied  contact  between  the  TI42  track  pad 
and  two  different  rigid  bars  that  represent  idealized  obstacles  which 
might  be  encountered  in  cross  country  terrain.  Both  studies  were  done 
in  plane  strain  assuming  the  weight  of  the  vehicle  was  uniformly 
distributed  among  the  24  roadwheels.  Figure  9  shows  the  results  for  a 
bar  providing  highly  localized  contact  with  the  track  pad.  Examination 
of  contours  for  maximum  principal  stress  shows  thot  tensile  stresses 
are  produced  in  this  operating  scenario  and  that  the  largest  stresses  are 
produced  in  the  interior  of  the  track  pad.  Figure  9  also  shows  the  state 
of  stress  in  the  region  where  the  tensile  stress  is  largest.  A  comparison 
with  the  state  of  stress  produced  du.  ng  contact  with  a  rigid  roadway 
surface  shows  that  for  this  obstacle-contact  scenario  the  shear  stress 
and  maximum  principal  stress  are  significantly  larger  than  those  for 
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FIGURE  7.  Contour  plots  of  temperature  for  the  TI42  track  after  1.7 
hours  of  continuous  operation  on  a  paved  course.  Results  are  given  for 
two  different  elastomers. 
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FIGURE  8.  Temperature-time  response  for  surface  and  internal 
locations  o^  the  TI42  track.  Solid  curve  is  derived  from  field  data; 
individual  points  are  derived  frwn  the  thermal  model. 
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FIGURE  9.  Contours  of  moximum  principal  stress  for  the  TI42  track 
contacting  a  rigid  bar.  State  of  stress  al  point  "x”  is  indicated  by  the 
Mohr's  circle. 
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rcxid  contact.  As  we  will  see  in  the  final  section  of  this  paper  the 
tensile  stresses  do  not  exceed  identifiable  damage  thresholds.  However 
the  results  do  show  the  possibility  for  subsurface  mechanical  damage  to 
the  track  pad  during  contact  with  highly  localized  rigid  obstacles. 

We  also  analyzed  the  prablem  of  the  TI42  track  contacting  a  bar 
of  rectangular  cross  section.  Resuits  ore  shown  in  Figure  10.  Tensile 
stresses  are  produced  in  this  operating  scenario.  However  they  are 
larger  than  in  the  previous  example  (Figure  9)  with  the  largest  stresses 
being  produced  near  the  surface  of  the  pad.  These  tensile  stresses  also 
increase  somewhat  os  the  roadwheel  runs  across  the  track  which  is 
consistent  with  field  observations.  As  we  will  see  in  a  later  section 
these  stresses  are  near  the  damage  thresholds  for  this  material  and 
thus  are  capable  of  producing  cutting  and  chunking  failures. 


TRACK  DESIGN  STUDIES 


Three  widely  different  track  designs  that  are  currently  being  used 
on  heavy  tanks  were  studied  using  the  computer  modeling 
methodology.  In  addition  to  the  TI42  track  discussed  above  we  studied 
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FIGURE  10.  Contours  of  maximum  principol  stress  for  the  TI42  track 
contacting  a  rigid  bar  of  rectangular  cross  section. 
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the  track  used  on  the  British  Chieftain  tank  and  the  TI56  track  which 
is  currently  used  on  the  U.S.  Army  M I  tank.  Analyses  of  these  design 
changes  arid  the  material  changes  (described  in  the  next  section)  were 
mode  for  the  track  striking  a  flat,  rigid  roadway  surface.  In  Figure  1 1 
we  compare  the  contours  of  maximum  principal  stress  for  the  three 
track  designs.  For  both  the  British  Chieftoin  and  the  TI56  track 
material  constants  used  in  the  analyses  were  derived  from  rubber 
samples  obtained  from  a  TI56  track  shoe.  Stress  distribution  and 
contour  levels  ore  very  similar  in  all  three  designs  and  we  would  expect 
little  chunking  or  damage  to  be  fs-oduced  in  the  track  pad.  The  big  and 
significant  difference  between  the  different  designs  is  in  the  heat- 
generation  rate.  The  heat-generation  rates  were  highest  in  the  TI56 
track  and  lowest  in  the  British  Chieftain. 

The  heat-generation  rates  had  a  ,  strong  effect  on  the 
temperatures  developed  in  the  track.  Contour  plots  showing 
temperatures  develop^  in  the  T 156  and  British  Chieftain  tracks  after 
1.7  hours  are  given  in  Figures  12  and  13,  respecti'^^ly.  Results  for  all 
three  designs  are  surhrnarized  in  Table  I.  We  also  examined  the  ability 
of  two  track  designs  to  dissipate  heat.  This  was  done  by  evaluating  the 
thermal  models  for  the  TI56  and  British  Chieftain  with  the  same  heat 
generation  rate  for  all  elemc  'ts.  As  expected,  maximum  temperatures 
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FIGURE  1 1.  Contours  of  maximum  principal  stress  for  the  three  track 
designs  studied. 
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FIGURE  12.  Contour  plots  of  temperature  for  the  TI56  track  after  1.7 
hours  of  continuous  operation  on  a  paved  course.  Results  are  given  for 
two  different  elastomers. 
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FIGURE  13.  Contour  plots  of  temperature  for  the  British  Chieftain 
track  after  1.7  hours  of  continuous  operation  on  a  paved  course. 
Results  are  given  for  two  differer.t  elostomers. 
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in  iiie  TI56  track  were  higher  (by  approximately  30°  C)  than  those  in 
the  British  Chieftain  track.  This  is  due  to  the  thicker  ru::Per  sections 
in  the  TI56  trac-,  which  causes  a  longer  thermal  path. 


TABLE  I 

MAXIMUM  AND  MINIMUM  TEMPERATURES  PRODUCED  IN  TRACK 
WITH  Dl  FFERENT  ELASTOMERS 


TRACK  , 

British 

TI56  TI42  Chieftain 

Max.  Min.  Max.  Min.  Max.  Min. 
ELASTOMER  Temp  Temp  Temp  Temp  Temp  Temp 


Laboratory  Formulation 
Containing  35  Weight 
Percent  Carbon  Black 

129* 

78 

127 

81 

59 

45 

Elastomer  Frpm  TI42 

T rack  Pad 

— 

152 

96 

— 

Elastomer  From  T 156 

Track  Shoe 

179 

81 

— 

— 

71 

49 

♦All  temperatures  in  °  C. 

MATERIAL  STUDIES 


As  mentioned  previously,  three  elastomers  with  wid>?ly  different 
stiffnesses  that  were  suitable  for  track  use  have  been  evaluated. 
Rubber  obtained  from  a  TI56  track  shoe  was  the  softest  elastomer 
studied;  whereas,  the  laboratory  formulation  rubber  containing  35 
weight  percent  carbon  black  had  the  highest  stiffness.  Rubber  obtained 
from  a  T142  track  pad  hod  a  stiffness  between  the  two  formulations 
described  above. 

Contour  levels  for  the  maximum  principal  stresses  were  very 
similar  for  all  materials  studied.  There  was  some  difference  in  the 
minimum  principal  stresses  and  strains  produced  for  the  materials 
studied.  However,  these  differences  were  judged  not  to  be 
significant.  The  large  and  important  difference  between  the  elastomer 
formulations  studied  for  a  given  track  design  was  the  heat  generation 
rate.  The  influence  of  this  on  trav^k  rubber  temperatures  are  evident 
from  the  contour  plots  shown  in  Figures  7,  12  and  13.  Results  are 
summarized  in  Table  I. 
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Sensitivity  studies  were  done  on  the  influence  of  density,  heat 
capacity,  and  thermal  conductivity  on  the  temperatures  developed  in 
the  TI56  track.  The  range  in  properties  studied  represents  the 
maximum  variation  that  has  been  measured  in  field-tested  track  pads. 
These  property  variations  produced  internal  pad  temperatures  that 
differed  by,  at  most,  18°  C.  This  temperature  change  is  small 
compared  with  temperature  changes  obtained  with  difWences  in 
design  or  viscoelastic  material  constants. 

Thus  the  primary  characteristics  influencing  thti  temperatures 
achieved  in  the  track  are  the  heat-generation  rate  and  the  track 
geometry.  The  heat-generation  rate  is  related  to  the  viscoelastic 
material  properties  of  the  elastomer,  track  design,  and 
loading/operating  scenario. 


FAILURE  EVALUATION 


Quantitative  evaluations  of  failure  in  tank  track  pads  is  a  very 
complex  problem.  A  portion  of  this  complexity  is  the  many  possible 
failure  mechanisms  that  are  exhibited.  In  this  portion  of  the  study  we 
consider  only  the  so-called  cutting  and  chunking  failures  which  ore 
associated  with  the  accumulation  of  damage  and  loss  of  rubber  pieces 
due  to  fatigue.  We  have  quantitatively  evaluated  the  extent  of  damage 
development  due  to  fatigue.  For  this  study  we  view  damage  as  an 
irreversible  degradation  in  mechanical  properties  and  a  precursor  to 
failure. 

Experimentally,  these  evaluations  had  a  two-step  procedure.  The 
first  step  was  to  fatigue  the  material  by  cyclically  loading  a  sample  in 
an  MTS  servo-hydraulic  test  machine  between  zero  and  some 
predetermined  tensile  load  at  I  Hertz  for  100  cycles.  The  stress 
produced  by  this  predetermined  load  will  be  referred  to  as  the  cycling 
stress.  Testing  was  done  at  temperature  on  flat,  dog-bone  shaped 
samples  that  were  obtained  from  T142  track  pads.  The  second  step  in 
this  procedure  was  to  pull  the  sample  to  failure.  This  was  done 
imm^iately  after  cyclic  loading.  The  ultimate  tensile  strength 
measured  in  this  test  will  be  referred  to  as  the  residual  strength,  and 
can  be  used  as  a  measure  of  the  damage  developed  in  the  material  due 
to  cyclic  loading. 

Results  are  shown  in  Figure  14  for  material  obtained  from  two 
track-pad  manufacturers.  For  both  materials  and  temperatures  shown 
in  Figire  14  severe  degradation  takes  place  above  a  critical  or 
threshold  stress  of  about  2  MPo.  Clearly  for  a  given  material  any 
experimentally  derived  threshold  stress  is  a  function  of  a  number  of 
variables  including  temperature,  environment,  and  number  of  fatigue 
cycles  used.  Our  purpose  here  is  to  gain  some  quantitative 
understanding  of  the  degradation  behavior  of  typical  tank-tread 
elastomers  when  subject  to  a  limited  number  of  high  stress  cycles. 


226 


£  8 


IS,  6’ 

e 

2  ' 

M 

■3  4 

3 

I  2 


Cycling  stress  (psO 
400  600  I 


1200  _ 
1 

1000  ^ 


600  « 
3 

•o 

400  S 
c 


Cycling  stress  (MPa) 


FIGURE  I4«  Residual  stress  versus  cycling  stres!(  at  100°  C  and  140°  C 
for  rubber  taken  from  commercial  track  pads. 

Additional  studies  damage  development  in  jelastomers  have  been 
presented  elsewhere  .  It  is  irnportant  to  note  tl)at  the  threshold  stress 
obtained  from  Figure  14  is  comparable  to  the  stress  obtained  in  the 
obstacle  contact  scenario  shown  in  Figure  10.  Thus  one  would  expect 
such  obstacle  contact  to  be  o  source  of  cutt  ng  and  chunking.  As 
observed  in  field  tests  significant  track  pad  djamage  can  take  place 
with  a  limited  number  of  stress  opplications  in  spch  operating  scenarios 
at  temperatures  greater  than  100°  C. 
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INTRODUCTION 

Military  tracked  vehicles  such  as  tanks,  armored  personnel 
carriers,  self-propelled  artillery  and  certain  recovery 
vehicles  utilize  rubber  pads  for  the  purpose  of  damping 
vibration,  reducing  noise  and  preventing  unnecessary  damage  to 
the  built-up  surfaces  such  as  concrete,  asphalt  and  macadam 
over  which  these  vehicles  must  often  travel.  The  majority  of 
the  track  pads  currently  in  use  are  the  T142  model,  used  on  the 
M48  and  M60  series  tanks,  and  t;he  T130  model  pads,  used  on  the 
Ml  13  series  armored  personnel  carriers.  As  the  Ml  tank  begins 
to  see  more  field  use,  its  T156  model  pad  will  become  a 
logistical ly  more  important  commodity. 

Similar  materials  are  used  in  the  manufacture  of  the  T130, 
T142  and  T156  model  pads.  The  polymeric  material  currently 
used  is  a  styrene-butadiene  copolymer  vulcanized  into  an 
el  astromeric  morphology  using  sulfur  as  a  crosslinking  agent 
and  zinc-oxide  as  an  accelerator.  Additionally,  reinforcing 
fillers  (carbon  black),  processing  aids,  antidegradants  and 
other  diluents  are  added  to  form  the  final  vulcanizate.  The 
molded  styrene-butadiene  rubber  (SBR)  product  is  then  bonded  to 
a  steel  backing  plate.  This  assembly  is  then  bolted  to  the 
track  and  supports  the  weight  of  the  vehicle. 

The  scope  of  work  described  herein  was  designed  to  study 
the  wear  mechanisms  evident  in  military  track  pads.  The 
authors  believe  that  significant  insight  into  pad  wear  and 
failure  processes  were  developed  by  this  investigation. 


METHODS 

Electron  Spectroscopy  for  Chemical  Analysis  (ESCA) 

One  of  the  most  ideally  suited  techniques  to  investigate 
the  chemical  nature  of  surfaces  is  Electron  Spectroscopy  for 
Chemical  Analysis  (ESCA).  The  instrument  employed  is  composed 
of  five  basic  components;  (1)  source,  (2)  sample  compartment, 
(3)  electron  energy  analyzer,  (4)  detector,  and  (5)  read-out 
system.  The  source  produces  an  x-ray  beam  which  is  directed 
into  the  sample  compartment  where  it  impinges  upon  the  material 
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to  be  studied,  causing  the  ejection  of  electrons.  The  electron 
energy  analyzer  sorts  the  resulting  electrons  according  to 
their  kinetic  energies  (KE)  and  focuses  them  on  a  detector  at 
the  output.  The  detector  produces  an  electrical  signal 
proportional  to  the  intensity  of  the  emitted  photoelectrons 
from  the  specimen  and  the  readout  system  translates  it  into 
graphic  form.  From  the  kinetic  energy  (KE)  and  the  energy  in 
the  x-ray  beam  (hv),  the  binding  energy  (BE)  of  an  electron  can 
be  calculated  by  the  relationship  BE  (eV)  =  hv  -  KE{eV).  The 
binding  energy  (BE)  is  characteristic  of  the  element  from  which  , 
the  electron  is  ejected.  The  quantity  of  electrons  detected 
for  each  different  KE  value  provide  stoichiometric  ratios  of 
the  detectable  elements  ntaking  up  the  analyzed  specimen. 


(PCS  )  (MFP  ) 

Relative  %  present  =  .  - H _ 

as  (\)  (AF^) 

n-Ols  (MFPjj) 


Where, 

A  »  Spectrum  peak  area  of  component,  n. 

AF  »  Instrument  attenuation  factor  for  component,  n. 

PCS  »  Photoelectron  cross-sectional  area  of  component,  n. 
MFP  =  Mean  free  path  of  component,  n. 

And, 

for  oxygen  (Is),  (PCS)  x  (MFP)  ■  396.7  relative  units, 
for  carbon  (Is),  (PCS)  x  (MFP)  *  173.6  relative  units. 


Scanning  Electron  Microscope  (StM)  and  Energy  Dispersive 
Analysis  Using  X-Rays  (EDAx)  ^ 

For  the  scope  of  this  study,  the  SEM  was  used  along  with 
attachments  to  take  fractographs  (photographs  of  fractured 
surfaces)  and  to  do  an  energy  dispersive  analysis  using  x-rays 
(EDAX).  Electrons  from  a  filament  are  accelerated  by  a  voltage 
and  directed  down  the  center  of  the  SEM  electron  column 
consisting  of  two  or  three  magnetic  lenses.  These  lenses  cause 
a  fine  electron  beam  to  be  focused  onto  the  specimen  surface. 
Scanning  coils  placed  before  the  final  lense  control  the  motion 
of  the  electron  beam.  The  same  circuit  which  controls  the 
scanning  coils  also  controls  the  coils  in  a  cathode  ray  tube 
(CRT).  As  a  result,  the  motion  of  the  electron  beam  incident  on 
the  specimen  surface  causes  various  phenomena,  of  which  the 
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emission  of  secondary  electrons  is  the  most  commonly  used.  The 
emitted  electrons  strike  a  detector  and  the  resulting  current 
is  amplified  and  used  to  modulate  the  brightness  of  the  CRT. 
Consequently,  an  image  of  the  surface  is  progressively  built  up 
on  the  CRT  screen.  Because  of  the  preciseness  of  the  SEM,  the 
image  produced  is  of  dramatic  three-dimensional  quality  and  is 
known  as  a  photomicrograph.  Since  the  SEM  has  no  imaging 
lenses,  any  signal  that  arises  from  the  action  of  the  incident 
electron  beam  upon  the  specimen  (reflected  electrons, 
transmitted  electrons,  emitted  light,  x-rays,  etc.)  can  be  used 
to  form  an  image  on  the  CRT  screen. 

In  a  different  type  of  mode,  the  x-rays  emitted  from  the 
sample  are  used  to  provide  information  about  the  nature  and 
amount  of  elements  present  in  the  material.  This  type  of 
analysis  can  be  used  on  the  surface  or  in  the  bulk  of  the 
material,  depending  on  the  energy  of  the  incident  electron  beam 
and  differs  from  ESCA  insofar  as  the  former  provides  a  point 
chemical  analysis.  This  method  is  known  as  energy  dispersive 
analysis  using  x-rays  (EDAX).  In  EDAX,  the  energy  of  an 
emitted  x-ray  photon  is  converted  into  an  electric  pulse  which 
is  proportional  to  the  energy  of  the  x-ray.  This  pulse  is 
amplified,  converted  to  a  voltage  pulse,  and  fed  into  a 
multi-channel  analyzer.  The  analyzer  sorts  out  the  pulses 
according  to  their  energy  and  stores  them  in  the  memory  of  the 
correct  channel.  The  resulting  spectrum  can  be  displayed  on  a 
CRT,  plotted  on  a  chart,  or  printed  out  numerically.  From 
this,  the  elements  present  can  be  determined  since  the 
individual  energies  of  the  x-rays  emitted  are  characteristic  of 
the  different  elements. 


Swel ling 

A  swelling  experiment  is  designed  to  determine  the  relative 
amount  of  corsslinks  between  different  samples  on  a  comparative 
basis.  This  can  be  done  since  the  percent  weight  gain  is 
inversely  proportional  to  the  amount  of  crosslinks  in  the 
material. 

The  procedure  for  carrying  out  this  swelling  experiment  is 
given  as'  follows:  Specimen  weighing  approximately  0.2g  each 
are  cut  from  the  samples  to  be  tested  and  are  placed  in  a 
tqppered  flask  containing  enough  swelling  solvent,  such  as 
toluene,  to  cover  the  specimen.  Periodically,  the  specimen  are 
removed  and  rapidly  weighed.  (The  work  should  be  carried  out 
rapidly  to  avoid  loss  of  solvent  by  deswelling  and  evaporation, 
causing  the  sample  weigh;  to  drift  downward.)  This  should  be 
repeated  until  the  samples  reach  their  equilibrium  degree  of 
swelling  (2-3  days).  When  equilibrium  is  reached,  the  final 
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constant  weight  can  be  used  to  determine  the  percent  weight 
gain  from*the  following  equations: 

Ws  *  Wd 

%  weight  gain  »  - -  x  100 


relative  crosslink  density  *  {%  weight  gain) 


Where, 

Wd  »  dry  weight  of  SBR  specimen  (after  deswelling) 
Ws  >  swollen  weight  of  SBR  specimen  and  Toluene 


TEST  MATERIALS 

The  materials  studied  were  actual  T142  track  pads  sent 
to  Virginia  Tech's  Materials  Engineering  Department  by  the 
United  States  Army's  Tank -Automotive  Command  (TACOM. ) 

These  pads  comprised  e.  sample  population  of  test  batches 
initially  sent  to  Yuma  Proving  Grounds  (an  Army  test 
center)  by  each  of  four  major  rubber  companies.  While  at 
the  Yuma  Proving  Grounds,  each  pad  sample  was  installed  on 
an  M60  tank  track  and  subjected  to  only  one  of  the  four  * 
following  service  conditions: 

1.  500  miles  on  paved  surface 

2.  1500  miles  on  paved  surface 

3.  250  miles  of  cross-country  service 

4.  1000  miles  on  gravel  surface 

New  (pre-service)  pads  from  each  manufacturer  were  also 
provided  so  as  to  establish  a  baseline  for  analysis. 
Photographs  of  new  pads  and  typical  wear  mechanisms  of 
each  of  the  three  service  conditions  are  shown  in  Figure  1. 

Once  the  pads  were  received,  catalogued  and  tagged 
with  an  identification  code,  specimen  preparation  began. 

Two  sample  populations  were  cut  using  a  single-edged  razor 
blade.  Samples  were  taken  from  both  the  surface  and  the 
interior  (bulk)  regions  of  every  pad.  Each  specimen 
measured  approximately  one  centimeter  in  diameter  by  one 
millimeter  in  depth.  Specimen  weight  averaged  0.2  grams. 
The  first-sample  population  was  used  for  SEM  study  only. 

The  second  sample  population  was  first  swollen  (to 
determine  relative  crosslink  density)  and  then  analyzed  by 
the  electron  spectrometer  (to  determine  the  relative 
oxygen  to  carbon  ratio). 

Although  exact  reproducibility  in  the  experimental 
results  was  not  expected,  sample  population  size  was  large 


232 


enough  so  as  to  ensure  the  identification  of  normative 
material  characteristics. 


RESULTS 

Electron  Spectroscopy  for  Chemical  Analysis  (ESCA) 

In  order  to  develop  a  relative  stoichiometric  understanding 
of  what  are  the  critical  moities  within  the  pad  matrix,  oxygen 
and  carbon,  a  study  of  the  oxygen  ESCA  peak  intensity  was 
ratioed  against  the  carbon  peak  intensity.  Table  1  provides 
tne  results  of  this  ratio  analysis. 


t/Ible  1 

oxygen-to-carbon  ratios  versus  service  life  of  sbr  material 

Oft  SBR  MATERIAL 


New 

250  mile 

c-country 

500  mile 

paved 

1000  mile 

gravel 

1500  mile 

paved 

SURFACE 

111 

211 

421 

461 

50% 

BULK 

61 

91 

171 

17% 

18% 

I  In  general,  ESCA  analysis  shows  that  the  pad  surface  (that 
region  within  10  nm  of  the  pad  surface)  contains  more  oxygen 
than  a  bulk  cross  section.  Clearly,  this  is  due  to  the 
uhavoidabil ity  of  surface  reaction  with  oxygen,  having  been 
ej(posed  to  air  over  a  long  period  of  time.  Secondly,  the 
athount  of  oxidation  at  the  pad  surface  increases  significantly 
with  service  mileage.  In  the  bulk  regions,  less  oxidation  was 
observed;  although  the  pads  with  gravel  and  paved-service 
histories  did  experience  oxidative  rate  increases. 


i 


Scanning  Electron  Microscope  (SEM)  and  Energy  Dispersive 
Analysis  Using  X-Rays  (EbAX)'  ~  ^  ^ 

The  SEM  is  used  to  characterize  and  compare  the  general 
morphologies  and  topographies  of  track  pad  materials  that  have 
undergone  specific  service  histories.  Comparisons  are  made  of 
both  surface  and  bulk  regions. 

Surface  Region.  -  The  surface  region  is  defined  as  ^hat 
portion  of  the  pad  matrix  that,  when  undergoing  field  use, 
experiences  intimate  ground  contact.  Figure  2  is  an  SEM 
magnification  series  of  a  rubber  specimen  cut  from  the  surface 
of  a  pre-service  (new)  T142  track  pad.  The  topography  is 
relatively  smooth  although  at  higher  magnifications  natural 
flaws  and  small  fracture  lines  are  clearly  evident.  The 
existence  of  these  flaws  and  naturally  occurring  fractures  are 
not  unexpected  in  new  polymeric  materials.  Figure  3  shows  the 
surface  study  of  a  T142  pad  with  500  miles  of  paved-surface 
service  history.  At  the  lowest  magnification,  the  surface 
topography  is  not  unlike  a  pre-service  pad,  exhibiting 
relatively  smooth  contours.  However,  at  higher  magnifications, 
definite  degradation  is  observed.  Friction  and  subsequent 
abrasion  experienced  during  service,  has  developed  a  topography 
characterized  by  craters  approximately  50  nm  in  diameter. 

Inside  these  craters,  granulated  particles  on  the  order  of  1-10 
nm  are  seen.,  After  1500  miles  of  paved-surface  service  (Figure 
4),  the  craters  are  still  observable  but  are  smaller  and  more 
numerous.  Granulation  is  still  etcident;  however,  the 
individual  grains  have  Increased  in  size  when  compared  to  pads 
with  less  paved-surface  mileage. 

Figure  5  characterizes  the  surface  of  a  T142  pad  with  250 
miles  of  cross-country  service.  Note  the  extreme  surface 
roughness  even  at  low  magnifications.  Matrix  granulation  is 
again  evident.  Fracture  wear  is  observed  by  the  numerous, 
large  and  continuous  stress  lines  that  criss-cross  the  surface 
topography. 

Figure  6  shows  the  photomicrographic  study  of  a  specimen 
taken  from  a  pad  with  1000  miles  of  gravel -surface  service 
history.  Granulation  and  cratering  have  taken  place  within  the 
rubber  matrix.  Stress  fracture  lines  are  also  readily 
observed;  however,  they  are  not  as  numerous  as. are  the  stress 
lines  observed  in  the  cross-country  pads. 

Bulk  Region.  -  The  bulk  region  is  defined  as  that  portion 
of  the  track  pad  that,  when  undergoing  field  use,  does  not 
experience  intimate  contact  with  either  the  ground  or  the 
atmosphere.  Figure  7  shows  that  the  cutting  action  of  the 
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FI GURU  2.  SEM  photomicrograph  pre-service  pad  surface 


razor  blade,  used  to  remove  the  specimen  from  a  new  pad's  bulk 
caused  few  strlatlons  upon  the  material.  At  higher 
magnifications,  the  presence  of  rubber  fibrils  are  observed. 

At  high  magnification  (Figure  8),  a  particle  (position  1)  is 
shown  to  be  slightly  displaced  out  of  the  matrix.  Using  EDAX, 
this  material  flaw  Is  Identified  as  having  a  high  zinc  content 
whereas,  the  surrounding  matrix  (position  ?.)  has  very  little 
zinc.  The  presence  of  a  zinc  agglomeration  Is  not  unexpected 
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FIGURE  3.  SEM  photomicrograph,  pad  surface  after  500  miles  of 
paved  surface  service. 


since  zinc-oxide  is  used  as  an  accelerating,  agent  for 
crosslinking  in  the  SBR  recipe. 

Figure  9  shows  the  topographical  detail  within  the  bulk  of 
a  T142  pad  having  500  miles  of  paved-surface  service  history. 
Low  magnification  shows  a  topography  characterized  by  many  thin 
striations  caused  by  the  slicing  of  the  razor  through  the 
matrix.  These  striations  are  more  pronounced  than  those 
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FIGURE  4.  dEM  photomicrograph,  pad  surface  after  1500  miles  of 
paved  service. 


observed  in  the  pre-service  pad  (Figure  7).  A  second  striking 
feature  present  i.T  the  500  mile  paved  pad's  bulk  morphology  is 
the  system  of  cracks  running  throughout  the  material. 
Generally,  these  cracks  appear  to  travel  parallel  to  the 
razor-caused  striations.  However,  this  parallelism  is  often 
disrupted  by  material  inhomogeneities.  These  inhomogeneities, 
as  analyzed  by  the  EDAX  attachment  to  the  SEM,  are  pieces  of 
rock  and  gravel  that  would  appear  to  have  been  worked  into  the 
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FIGURE  5.  SEM  photomicrograph,  pad  surface  after  250  miles  of 
cross-country  service. 


bulk  of  the  matrix  as  the  pad  undergoes  field  use.  Figure  10 
is  the  bulk  study  of  a  T142  pad  that  has  undergone  1500  miles 
of  paved-siirface  service.  The  two  most  notable  features  are 
the  lack  of  razor-caused  striations  and  the  many  fibrillar 
features  throughout  the  series  of  photomicrographs. 


FIGURE  6.  SEM  photomicrograph,  pad  surface  after  1000  miles  of 
gravel  service. 


Low  magnification  of  a  bulk  region  within  a  cross-country 
pad  (Figure  11)  shows  the  most  pronounced  and  numerous 
striation  content  of  any  of  the  pads  with  differing  service 
histories.  At  higher  magnifications,  fibrils  are  noticeably 
absent.  Stress  induced  cracks  are  evident  and  numerous 
throughout  the  matrix. 
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FIGURE  7.  SEM  photomicrograph,  bulk  region  of  pre-service  pad. 


Swel ling 

Relative  crosslink  densities  calculated  from  the  swelling 
data  is  given  at  Table  2.  Several  characteristics  are  shown  by 
the  tabulated  data.  First,  cross-country  and  gravel  service 
histories  cause  increases  in  the  relative  crosslink  densities 
for  both  surface  and  bulk  pad  regions.  The  most  significant 
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FIGURE  8.  SEM/EDAX  photomicrograph  analysis  showing  material 
inhomogeneity  within  pad. 


increases  for  both  bulk  and  surface  regions  are  measured  in  the 
cross-country  pad.  A  general  material  morphological 
relationship  is  developed:  the  pad  material  experiences  an 
increase  in  crosslink  density  with  service  life.  Paved  service 
initially  follows  this  relationship.  However,  after  prolonged 
paved  surface  service,  there  is  a  decrease  in  the  relative 
crosslink  density  measurement.  At  1500  miles  of  paved  service, 
both  surface  and  bulk  regions  show  such  a  decrease. 

The  final  characterizations  derived  from  the  tabulated  data 
at  Table  2  is  that  service  effects  on  the  relative  crosslink 
density  measurements  are  generally  more  pronounced  in  the  bulk 
than  at  the  surface.  Thus,  the  most  significant  change  in 
crosslink  density  occurs  in  the  bulk  of  the  cross-country  pad. 
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FIGURE  9.  SEM  photomicrograph,  bulk  region  of  a  pad  with 
500  miles  paved  surface  service. 


DISCUSSION 

Cross-Country  Service 

Clearly,  Figure  1  Indicates  that  cross-country  service 
presents  the  most  severe  wear  environment  for  military 
tracked-vehicle  pads.  Cross-country  service  Is  typified  by  the 
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FIGURE  10.  SEM  photomicrograph,  bulk  region  of  a  pad  with 
TBOO  miles  of  paved-surface  servire. 


tracked  vehicle  traveling  over  terrain  that  Is  soft  and 
compressive  but  has  many  large  and  rigid  stress  risers  (large 
rocks,  etc.)  strewn  over  Its  surface.  Vehicular  velocity  Is 
usually  slow  and  of  relatively  short  duration.  Since  the 
substrate  Is  generally  compressive,  little  thermal  build-up  Is 
experienced  by  the  pad.  The  pad  wear  Incurred  during 
cross-country  service  Is  characterized  by  large-scale 
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FIGURE  n.  SEM  photomicrograph,  bulk  region  of  a  pad  with 
2b0  miles  cross-country  service. 


fracture.  Figure  1  shows  that  catastrophic  fracture  forms 
large  cuts  and  chips  on  the  pad  surface.  The  equilibrium 
swelling  data  collected  on  pads  with  cross-country  service 
history,  shows  a  significantly  large  increase  in  the  relative 
crosslink  density.  This  increase  is  evident  in  both  surface 
and  bulk  regions  although  the  latter  is  more  pronounced. 
Indeed,  the  SEM  photomicrographs  taken  of  a  pad  with 
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TABLE  2 


RELATIVE  CROSSLINK  DENSITY  VERSUS  SERVICE  LIFE  OF 
TRACK  PAD  MATERIAL  (SBRT 


1500  mile 

500  mile 

1000  mile 

250  mile 

New 

paved 

paved 

gravel 

c-country 

SURFACE 

0.50 

0.44 

0.51 

0.56 

0.57 

BULK 

0.49 

0.47 

0.57 

0.58 

0.60 

cross-country  service,  reveal  large  fracture  lines  at  the 
surface  (Figure  5)  and  both  fracture  lines  and  large, 
well-defined  strlatlons  In  the  bulk  (Figure  11).  In  both  of 
these  SEM  magnification  series,  fibrils  are  completely  absent. 
The  combination  of  the  presence  of  large  fracture  lines, 
well-defined  strlatlons  and  the  lack  of  fibrillar  structures  In 
the  pad  material  (as  shown  by  SEM),  as  well  as  an  Increase  In 
the  relative  crosslink  density  (per  swelling  data),  define  an 
embrittled  elastomeric  matrix.  Embrittlement  Is  one  of  two 
primary  phenomena  that  will  occur  with  the  application  of  a 
stress  riser  to  the  pad's  elastomeric  material.  The  second 
phenomenon  Is  Immediate  macroscopic-level  degradation  where 
chunks  of  rubber  are  torn  from  the  pad.  This  will  occur  only 
If  the  applied  stress  generates  enough  tear  energy  or  Is 
concentrated  within  the  material  so  as  to  rupture  an  entire 
plane  of  network  chains  that  connect  two  surface  areas.  Sharp 
terrain  stress  risers  or  material  Inhomogeneities  (Figure  8) 
win  cause  these  stress  concentrations  to  occur.  Immediate 
degradation  Is  not  as  common  as  network  embrittlement.  The 
majority  of  applied  stresses  will  have  enough  energy  to  tear 
only  a  portion  of  a  molecular  chain  plane.  When  only  a  segment 
of  a  plane  Is  fractured,  the  material  retains  Its  geometric 
Integrity.  Since  these  partially  fractured  planes  contain 
ruptured  molecular  chains  by  homolytic  chain  scission,  many 
free  radicals  are  produced.  These  free-radicals,  at  the  end  of 
the  ruptured  chains,  attack  susceptible  material  within  the 
pad's  matrix.  Such  susceptible  material  can  be  radical 
scavangers,  such  as  oxygen,  or  any  unsaturated  tmnd  that  exists 
within  the  network  structure.  Except  for  the  surface  regions, 
quantities  of  oxygen  will  not  be  present  In  the  matrix  to 
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convert  these  free-radical s.  Substantial  oxygen  diffusion 
through  an  elastomeric  matrix  has  been  shown  to  proceed  only  at 
high  temperatures.  Since  little  thermal  build-up  Is  experienced 
during  cross-country  service  very  little  oxidation  of  the 
matrix  Is  expected.  This  Is  supported  by  ESCA  data  (Table  1). 
The  free  radicals  generated  during  cross-country  service  will 
usually  form  bonds  with  other  chains.  These  new  Intermolecular 
bonds  will  cause  the  material's  crosslink  density  to  Increase 
and  the  pad  to  become  embrittled.  Matrix  embrittlement  lowers 
the  amount  of  tear  energy  necessary  to  cause  planar  rupture. 
Therefore,  as  a  track  pad  undergoes  cross-country  service.  It 
becomes  embrittled  and  will  require  progressively  smaller 
applied  stresses  to  precipitate  rapid  and  catastrophic  material 
failure. 


Paved-Surface  Service 


Paved-surface  service  Is  typified  by  the  tracked  vehicles 
traveling  over  smooth  terrain  that  Is  hard  and  Incompressible. 
Stress  risers  are  seldom  present,  and  are  usually  very  small 
(small  pebbles,  etc.).  Vehicular  velocity  Is  usually  quite 
high  and  of  relatively  long  duration.  Because  of  the  high  rate 
of  vehicular  speed  and  the  long  duration  of  travel  on  an 
Incompresslve  substrate,  high  thermal  build-up  Is  experienced 
by  the  pad. 

Two  Important  conclusions  are  made  from  the  study  of  the 
photographs  In  Figure  1.  The  first  conclusion  Is  that  paved 
service  Is  not  as  damaging  to  the  T142  track  pad  as  either  the 
cross-country  or  the  gravel  service  conditions.  Secondly,  the 
wear  mechanisms  Involved  during  paved-surface  service  are  very 
different  from  the  cross-country  wear  mechanisms  previously 
described.  The  photograph  of  a  T142  pad  with  a  paved-surface 
service  history  shows  a  relatively  smooth  surface  topography 
that  Is  characteristic  of  abrasive  wear.  The  SEM  surface 
studies  of  the  same  specimen  (Figures  3  4  4)  reveal  a  surface 
topography  characterized  by  the  development  and  wearing  away  of 
smooth  granule  particulate. 

In  the  absence  of  significant  terrain  stress-risers, 
another  mechanism  must  cause  the  molecular  chain  rupture  so 
essential  for  material  degradation  and  wear,  this  mechanism  Is 
provided  by  the  high  temperatures  generated  In  the  material 
during  paved  service.  These  high  temperatures  generate  enough 
thermal  energy  within  the  matrix  to  disrupt  certain 
Intramolecular  oonds.  Bonds  that  are  In  a  natural  state  of 
stress  are  particularly  susceptible  to  thermal  rupturing. 
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High  temperatures  not  only  precipitate  bond  rupture  but 
also  Increase  the  ability  of  oxygen  to  diffuse  throughout  the 
elastomeric  material.  Indeed,  specimen  cut  from  pads  with 
paved-service  histones  exhibit  a  significant  1nci*ease  In 
oxidative  content  as  shown  by  ESCA  (Table  1).  Oxygen,  acting 
as  a  radical  scavenger,  may  "cap"  the  macro-radicals  before 
they  are  able  to  link  with  other  matrix  chains.  As  a  result, 
network  morphology  becomes  more  linear.  The  equilibrium 
swelling  data  collected  from  pads  with  extended  paved  service 
histories,  shows  such  a  decrease  In  the  relative  crosslink 
density  (Table  2).  This  decrease  Is  equally  pronounced  In  both 
surface  and  bulk  regions.  SEM  photomicrographs  provide 
additional  evidence  of  Increased  material  elasticity  as 
characterized  by  the  many  fibrils  present  In  the  pads  shown  In 
Figures  3  and  4.  Paved  service  wear  Is  less  severe  than 
cross-country  service  because  the  major  wear  mechanism 
abrasion.  Is  generally  confined  to  surface  regions.  Chain 
rupture  by  thermal  build-up  occurs  at  random  locations 
throughout  the  matrix.  Hence,  the  planar  fracturing  necessary 
for  chunking  and  chipping  to  take  place  seldom  occurs. 

However,  the  presence  of  large  natural  flaws  (Figure  2)  or 
gross  Inhomogeneities  (Figure  8)  within  the  material  may  serve 
as  an  Internal  mechanism  for  stress  concentration  and  precipate 
future  failure  under  paved  conditions. 


Gravel  Service 


Gravel  service  Is  typified  by  che  tracked  vehicle 
travelling  over  rough  terrain  that  Is  hard  and  Incompressible. 
The  terrain  Is  covered  with  small  stress-risers  (small  rocks). 
Vehicular  velocity  Is  usually  quite  high  and  of  relatively  long 
duration. 

The  data  collected  In  this  study  Indicate  that  pads  with 
gravel  service  show  wear  mechanisms  common  to  both 
cross-country  and  paved  service  conditions.  Photographs  of 
pads  with  gravel  service  histories  reveal  a  topography  that 
exhibits  both  material  fracture  and  surface  abrasion.  ESCA  | 
data  shows  distinct  oxidation  of  the  matrix  indicating  thermal 
build-up  during  service.  The  equilibrium  swelling  experiment 
reveals  evidence  of  material  embrittlement.  It  Is  noted  that 
the  level  of  pad  oxidation  during  gravel  service  approaches  th«i 
levels  achieved  during  paved  service.  However,  material 
embrittlement  Is  not  as  severe  In  the  gravel  case  when  compared 
to  pads  with  cross-country  service  histories.  Thermal  build-up 
and  the  accompanying  oxidation  of  the  pad  material  tends  to  | 
lessen  the  degree  of  matrix  embrittlement  resulting  from  stress 
Induced  chain  fracture. 
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SUMMARY 


Cross-country  service 

•  Cross-country  Is  the  most  severe  operational 
environment  for  vehicle  track  pads. 

•  Degradation  is  characterized  by  homolytic  chain 
scission,  rapid  matrix  embrittlement,  and  the 
subsequent  chipping  and  chunking  of  large  pieces  of 
pad  material. 

•  The  wear  mechanism  Is  primarily  mechano-chemical  In 
nature. 

Paved  service 

•  Paved-surface  service  Induces  thermal  build-up,  random 
chain  rupture,  oxidation  of  the  pad  matrix,  and 
subsequent  material  softening. 

t  Degradation  Is  characterized  by  surface  abrasive  wear. 

•  The  wear  mechanism  Is  primarily  thermo-oxidative  In 
nature. 

Gravel  service 

»  Gravel -surface  service  exhibits  mechanisms  of  wear 
common  to  both  paved  and  cross-country  service 
conditions. 

f  Oxidation  of  the  matrix  decreases  the  degree  of 
embrittlement  experienced  In  the  pad  during  field 
service. 

Material  Characterization 

•  The  SBR  matrix  exhibits  natural  flaws.  These  natural 
flaws  may  precipitate  fatigue  failure  under  all 
service  conditions. 

•  The  SBR  matrix  exhibits  material  Inhomogeneity  within 
the  bulk.  These  flaws  will  concentrate  applied 
stresses  and  may  lead  to  Internally  nucleated  crack 
growth. 
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INTRODUCTION 


Military  tracked  vehicles,  such  as  tanks  and 
personnel  carriers,  use  rubber  pads  on  their  tracks 
to  reduce  road  damage,  damp  vibrations,  and  reduce 
noise.  With  the  high  loads  and  speeds  encountered 
by  modern  tracked  vehicles,  the  rubber  pads  often 
fail  in  an  undesirably  short  time.  This  study  was 
undertaken  to  investigate  the  types  of  damage  which 
occur  under  repeated  cyclic  loadings  similar  to 
those  found  in  normal  service.  Under  these 
conditions  substantial  heat  build-up  occurs,  leading 
to  permanent  thermomechanical  degradation.  This 
research  has  been  directed  at  determining  what 
failure  mechanisms  occur  under  cyclic  compression 
loading,  and  the  fatigue  effects  on  physical 
properties. 


MATERIALS  AND  METHODS 


The  material  chosen  for  this  study  was  a 
commercial  polyether  polyurethaneurea  system, 
prepared  from  a  toluene  diisocyanate  (TDI ) 
prepolymer  and  a  diaoiine  curative,  trimethylene 
glycol-di-p-amino  benzoate.  The  stoichiometry 
(curative/polymer  weight  ratio)  used  was  8S%.  This 
material  has  shown  good  wear  resistance  in 
rough-ter ra in  track  testing,  and  is  a  possible 
replacement  for  more  traditional  rubber  compounds. 
Further,  the  urethane  is  not  so  highly  compounded  as 
the  traditional  elastomers,  and  this  simplifies  many 
of  the  analytical  techniques  needed  for  its 
analysis. 

A  servohydraulic  Instron  model  1331  was  used 
for  fatigue  loading.  Compression-compression 
fatigue  data  were  obtained  at  a  frequency  of  6.5  Hz 
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and  a  0.1  ratio  of  minimum  to  maximum  stress.  The 
specimens  were  tested  between  two  parallel  flat 
plates,  with  a  sinusoidally  varying  load.  The 
testing  was  done  in  load  control  mode  on  the 
Instron,  because  it  was  felt  this  would  more 
accurately  simulate  tank  track  pad  conditions.  The 
temperature  of  the  blocks  was  moniuored  by  a 
thermocouple  which  had  been  inserted  in  a  hole 
drilled  to  the  center  of  the  block.  The  final 
temperatures  and  stresses  are  shown  in  Table  1  for 
the  polyurethane  system.  Blocks  numbered  1-3  arid  10 
were  obtained  commercially,  and  blocks  numbered  4-9 
were  prepared  by  us.  The  maximum  temperature 
measured  is  shown  next  to  the  cycle  count  at  which 
the  maximum  temperature  was  measured.  Often  the 
final  test  temperature  could  not  be  measured  because 
of  thermocouple  failure.  All  blocks  were  2.5”  x 
2.5"  x  2.5"  with  the  exception  of  blocks  number  2 
and  3,  which  were  3"  high. 


TABLE  1 

Fatigue  Test  Data 


Specimen 

Max  Load(lb) 

Max  Temp(C) 

Failure  Cycles 

1 

variable 

177 

failure 

2 

6,000 

170-8,240 

failure-9,270 

3 

6,000 

140-7,416 

stopped-7,416 

4 

8,000 

V 

failure— 3,714 

5 

6,000 

156-3,710 

failure— 5,355 

6 

5,000 

170-8,285 

failure— 8 , 367 

7 

5,000 

155-7,975 

stopped-8 ,000 

8 

6,000 

173-2,725 

stopped-4 , 284 

9 

6,000 

120-2,110 

stopped-3,214 

10 

4,500 

91-54,000 

stopped— 2 , 182 , 610 

A  typical  temperature  versus  number  of  cycles 
plot  is  shown  in  Figure  1  for  blocks  number  5,  8, 
and  9.  The  testing  we  have  done  is  not  fatigue 
testing  in  the  usual  sense  due  to  the  small  number 
of  blocks  examined.  The  extensive  analysis  required 
for  each  block,  in  order  to  determine  the  failure 
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mechanism,  limited  the  total  number  of  blocks  that 
could  be  tested. 


FIGURE  1.  Center  Thermocouple  Temperature  (6,000 
lbs  maximum  load). 


RESULTS 


Differential  Scanning  Calorimetry 

Since  polyurethane  block  copolymers  are 
generally  two-phase  systems,  the  degree  of  phase 
mixing  will  affect  the  transition  temperatures  of 
both  hard  and  soft  segments.  Mixing  of  hard  and 
soft  segments  has  been  used  to  explain  the  increase 
in  soft  segment  T,,  with  increasing  hard  segment 
content  (1).  Differential  scanning  calorimetry 
(DSC)  can  be  used  to  study  the  transition 
temperatures  of  unfatigued  and  fatigued  specimens. 

DSC  analysis  was  run  on  a  Perkin-Elmer  DSC  IV 
with  a  heating  rate  of  10°C/min.  There  appear  to  be 
two  high  temperature  transitions  in  unfatigued 
material,  one  occurring  at  around  18C°C,  and  the 
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other  at  around  205“C.  When  specimens  are  taken  to 
failure  there  is  only  one  transition,  which  is  at 
nearly  the  same  temperature  as  tpe  higher 


The  data  for  all  the  fatigue  tests  is  shown  below  in 
Table  2.  By  comparison  of  values  shown  for  specimen 
#9,  it  is  evident  that  no  changes  occur  in 
transition  temperatures  with  bljocks  fatigued  to  this 
level.  I 
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TABLE  2 


DSC  Analysis 


Specimen  # 

Transition 

Temp. (C) 

1  unfatigued 

176 

204 

1  fatigued 

187 

2  fatigued 

213 

3  fatigued 

178 

204 

4  unfatigued 

178 

204 

4  fatigued 

202 

5  unfatigued 

179 

5  fatigued 

207 

6  unfatigued 

179 

205 

6  fatigued 

213 

7  unfatigued 

180 

206 

7  fatigued 

182 

213 

8  unfatigued 

179 

208 

8  fatigued 

192 

9  unfatigued 

178 

209 

9  fatigued 

178 

209 

The  changes  in  transition  temperature  appear  to 
be  due  only  to  thermal  annealing  because  heating  a 
sample  in  the  DSC  also  moves  the  lower  temperature 
transition  upward.  High  temperatures  may  produce 
seme  kind  of  annealing  effects  which  could  increase 
the  amount  of  phase  separation  or  improve  the 
ordering  of  the  hard  segment.  Both  these  phenomena 
would  increase  the  hard  segment  Tg.  Since  no 
improved  order  after  annealing  was  reported  in 
similar  systems  (2),  increased  phase  separation  may 
be  the  most  a  viable  explanation,  but  if  this  were 
the  case  we  would  expect  the  Tg  of  the  soft  segment 
to  also  show  changes,  which  it  does  not. 

Cain  (3)  studied  a  polyurethane  system  very 
similar  to  ours,  prepared  from  PTMEG,  TDI ,  and  MOCA, 
and  found  the  presence  of  two  high  temperature 
transitions.  Annealing  either  moved  the  lower 
transition  upwards  or  caused  it  to  disappear.  Cain, 
with  the  aid  of  IR  measurements  at  high 
temperatures,  was  able  to  correlate  the  transitions 
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to  hydrogen  bonding  in  the  urethane  carbonyls  (lower 
temperatures)  and  urea  carbonyls  (higher 
temperatures).  It  is  quite  reasonable  that  our 
system  shows  similar  behavior.  Although  we  cannot 
i^e  exactly  sure  what  changes  occur  to  the  hard 
segment  structure  after  annealing,  we  can  conclude 
that  the,  changes  seen  in  the  DSC  scans  after  fatigue 
are  merely  the  result  of  thermal  treatment  at  the 
high  temperatures  observed  during  testing. 

Swelling  Studies 

One  method  of  measuring  the  mechanochemical 
degradation  is  to  measure  the  changes  in  crosslink 
density  (•-e/V).  The  crosslink  density  can  be 
measured  by  the  application  of  the  Plory-Rehner 
equation  to  solvent  swollen  samples  (4). 


t,  1  In  (l-Vp)  +  Vp  +  ;(Vp2 

—  - - X  - 

V  V,  Vp’/3  -  2Vp/f 


»,/V  is  the  crosslinking  density  (mole/cm^),  is 
the  molar  volume  of  the  solvent,  A  is  the  polymer 
solvent  interaction  parameter,  Vp  is  the  volume 
fraction  of  rubber  in  the  swollen  sample,  and  f  is 
the  functionality  of  the  crosslink.  Vp  can  be 
calculated  by  the  weight  of  the  specimen  while 
swollen  and  after  removal  of  the  solvent,  if  the 
density  of  the  polymer  and  solvent  are  known. 

For  the  polyurethaneurea  under  investigation 
the  swelling  solvent  chosen  was  dimethylf ormamide 
(DMF).  It  is  believed  that  this  solvent  may  break 
up  the  hard  segment  hydrogen  bonding  to  allow 
measurement  of  the  primary  crosslink  density. 

For  swelling  measurements  specimens  weighing 
approximately  0.4  grams  were  placed  in  80  ml  of  DMF 
and  allowed  to  swell  for  25  hours  at  25°C.  The 
specimens  were  removed  and  weighed  in  sealed  jars. 
The  deswollen  weight  was  obtained  by  drying  the 
specimens  in  a  60"C  vacuum  oven  overnight. 
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To  obtain  absolute  values  from  swelling 
measurements,  the  value  of  X  must  be  known.  To  find 
a  value  for  X  one  can  determine  the  crosslink 
density  by  measuring  the  elastic  modulus  of  swollen 
specimens  (no  hard  segment  stiffening)  using  the 
following  equation  (5). 


r,/V  «  F  v,.’/3  /  {ART(«  -  «-2)) 


where  » is  the  moles  of  effective  network  chains 
per  unit  volume  of  polymer,  F  is  the  force  to  obtain 
an  extension  a,  v^  is  the  volume  fraction  of 
elastomer  in  the  swollen  specimen,  A  is  the 
unswolleri  cross-sectional  area,  R  is  the  gas 
constant,  and  T  is  the  temperature.  This  value  of 
the  crosslink  density  can  then  be  used  in  the 
Flory-Rehner  equation  to  calculate  X. 

By  inserting  the  crosslink  density  obtained 
from  stress-strain  measurements  on  swollen  samples 
into  the  Flory-Rehner  equation  a  value  for  X  of 
0.468  was  obtained.  The  crosslink  densities 
calculated  by  the  Flory-Rehner  equation  with  X  ■ 
0.468  are  shown  in  Table  3.  The  values  reported  are 
the  average  of  at  least  two  runs. 

Significant  changes  after  fatigue  can  be  seen 
only  in  specimen  #1.  Specimens  6  unfatigued  and  8 
fatigued  showed  large  percentages  of  soluble 
material,  but  this  may  be  nothing  more  than 
variability  from  sample  to  sample,  perhaps  due  to 
slight  variations  in  the  cure  temperature.  For  the 
most  part  no  significant  changes  can  be  seen  in  the 
swelling  behavior  of  any  of  the  other  blocks  after 
fatigue.  Specimen  5  does  show  an  increase  in 
crosslink  density  after  fatigue.  Unfatigued 
specimens  were  taken  from  the  outer  surface  of  the 
blocks  before  testing,  and  perhaps  the  outer  surface 
was  improperly  cured  in  the  case  of  specimen  5.  The 
values  for  the  fatigued  material  represent  average 
values  for  the  specimens,  since  the  test  specimen 
was  exposed  to  a  variation  in  temperature,  with  the 
middle  portions  experiencing  higher  temperatures 
than  the  outer  portions.  For  the  most  part  there  is 
no  significant  breakdown  in  the  crosslink  density. 
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TABLE  3 


CROSS-LINK  DENSITY  FROM  SWELLING 


Specimen 

%  Soluble 

Vr 

»,/V  (moles/cm^) 

1  unfatigued 

2.3 

.183 

1.00x10  -■* 

1  fatigued 

36.6 

.046 

3.95x10-6 

2  fatigued 

2.6 

.253 

2.47x10-'* 

3  fatigued 

3.7 

.207 

1.38x10-* 

4  unfatigued 

2.8 

.247 

2.27x10-'* 

4  fatigued 

1.5 

.293 

3.73x10-* 

5  unfatigued 

6.9 

.122 

3.89x10-5 

5  fatigued 

2.1 

.240 

2.10x10-* 

6  unfatigued 

11.6 

.210 

1.52x10-* 

6  fatigued 

1.5 

.275 

3.11x10-* 

7  unfatigued 

4.5 

.173 

9.10x10-5 

7  fatigued 

2.6 

.257 

2.54x10-* 

8  unfatigued 

2.6 

.244 

2.21x10-* 

8  fatigued 

16.2 

.292 

3.73x10-* 

9  unfatigued 

3.4 

.198 

1.39x10-* 

9  fatigued 

2.0 

.250 

2.40x10-* 

10  unfatigued 

3.5 

.220 

1.64x10-* 

10  fatigued 

3.2 

.234 

1.98x10-* 

even  though  the  blocks  taken  to  failure  cracked 
during  testing.  The  results  for  block  #10  show  that 
fatigue  at  low  loads  for  long  periods  of  time  does 
not  explain  the  increased  swelling  found  for  block 
#1.  It  may  be  that  this  block  was  different  from 
the  others,  perhaps  the  starting  materials  had  been 
degraded  in  some  way,  or  the  processing  conditions 
were  different. 

From  the  swelling  experiments  it  can  be 
concluded  that  no  significant  permanent  chain 
scission  is  required  for  failure  of  polyurethane 
elastomers  under  compression  loading.  If  chhin 
scission  did  occur,  the  bonds  must  have  reformed 
before  the  samples  were  analyzed,  and  this  seems 
unlikely. 
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Dynamic  Mechanical  Analysis 

Above  Tg  amorphous  polymers  exhibit  a  slight 
plateau  in  the  temperature  dependence  of  the  modulus 
due  to  chain  entanglements.  With  crosslinking  this 
plateau  region  is  extended.  In  phase  separated 
systems,  such  as  polyurethanes,  the  hard  segments 
tend  to  reinforce  the  structure,  producing  an 
extended  plateau  region,  until  the  hard  segment  Tg 
is  reached  (6). 

The  elastic  modulus  in  the  plateau  region  can 
be  used  to  determine  the  crosslink  density  through 
the  theories  of  rubber  elasticity.  The 
stress-strain  relation  can  be  expressed  as:  (7) 


f  -  E/3 (a  -  j-2) 


where  f  is  the  force  per  unit  unstrained 
cross-sectional  area,  E  is  the  young’s  modulus,  and 
«  is  the  elongation.  Assuming  Poisson's  ratio  is 
0.5,  then  (7) 


E  *  3G  -  3RT(.,/V) 


We  can  relate  the  elastic  modulus  E'  to  the 
crosslink  density  by  the  use  of  this  equation.  All 
the  values  for  crosslink  density  calculated  by  this 
method  are  higher  than  by  swelling  analysis.  This 
is  not  unexpected  since  the  modulus  measurements 
include  the  reinforcing  effect  of  the  hard  segment 
domains.  The  modulus  of  the  specimens  goes  down 
with  temperature  indicating  that  ideal  rubber 
elasticty  is  not  attained  (8),  possibly  due  to 
internal  energy  contributions.  However',  these  data 
may  still  give  an  approximate  estimate  of  the 
degradation  occurring. 

From  Figure  3  it  can  be  seen  that  fatigued 
specimens  showed  a  significant  decrease  in  the 
elastic  modulus  values  (E'),  even  though  swelling 
measurements  showed  little  change.  Fatigued 
specimens  from  blocks  not  taken  to  failure  showed 
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less  modulus  reduction,  which  would  be  expected  if 
fatigue  causes  a  progressive  modulus  reduction. 


TEMPERATURE 
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FIGURE  3.  Comparison  of  Elastic  Modulus  (E*)  (6,000 
lbs  uiaximum  load). 


A  calculation  of  the  percent  reduction  in 
elastic  modulus  after  fatigue  was  done  for  specimens 
number  5-10  and  is  shown  in  Table  4.  This  should 
allow  us  to  compare  the  differences  in  loadings  and 
number  of  cycles  for  each  block. 

The  modulus  clearly  decreases  after  fatigue, 
indicating  some  type  of  permanent  change.  Thermal 
annealing  tests  showed  no  permanent  change  in  the 
elastic  modulus,  indicating  that  high  temperatures 
alone  do  not  produce  these  changes. 
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TABLE  4 


PERCENTAGE  DECREASE  IN  RUBBERY  MODULUS 


Specimen 

T-50*C 

T=75*C 

T=100*C 

Block  #4 

52% 

40% 

43% 

Block  #5 

67% 

68% 

70% 

Block  #6 

42% 

49% 

51% 

Block  #7 

15% 

18% 

20% 

Block  #8 

37% 

39% 

41% 

Block  #9 

24% 

26% 

28% 

Block  #10 

— 

12% 

10% 

A  probable  explanation  for  this  modulus 
reduction  is  the  "Mullins  Effect",  which  was 
originally  found  in  filler-loaded  rubbers,  but  has 
since  been  found  in  polyurethane  elastomers  (9). 
Trick  (9)  found  a  reduction  in  modulus  with  repeated 
extension;  almost  all  of  the  reduction  occurred  in 
the  first  cycle.  The  stress-softening  phenomenon  is 
believed  to  be  caused  by  the  disruption  of  the 
glassy  domains  under  repeated  stretching  (10). 

Kaneko  et  al.  (11)  studied  the  cut  growth 
fatigue  of  polyurethanes  prepared  from  PTMEG,  TDI  , 
MOCA,  and  hexamethylene  diisocyanate  (HMDI).  After 
constant  load  fatigue  they  measured  the  changes  in 
elastic  modulus  with  the  Rheovibron.  For  all 
fatigued  samples  a  decrease  in  the  elastic  modulus 
was  encountered,  but  the  authors  did  not  investigate 
if  the  amount  of  change  was  dependent  on  the  number 
of  fatigue  cycles.  Kaneko  et  al.  suggested  that  the 
differences  they  noted  after  fatigue  could  be  due  to 
orientation  under  stress. 

Either  orientation  or  disruption  of  the  hard 
domains  is  a  possible  explanation  for  the  changes 
seen  in  compression  fatigue  tests.  The  changes  seen 
in  the  modulus  are  clearly  not  caused  by  high 
temperatures  alone,  but  require  the  application  of 
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stress.  The  continuous  increase  in  temperature 
leads  to  softening  of  the  material,  thus  increased 
deformation.  This  increased  deformation  amplitude 
will  lead  to  continued  softening  (10).  Because  of 
the  heat  build-up  stress  softening  continues  to 
occur  throughout  the  test,  rather  than  mainly  in  the 
first  cycle.  .  Thus,  we  can  expect  the  material 
properties  of  polyurethanes  to  continuously  change 
as  fatigue  degradation  occurs.  As  evidenced  by  the 
results  from  block  10,  when  cycled, at  low  load 
levels  with  little  heat  build-up,  the  modulus  values 
show  only  a  slight  reduction. 

Mechanical  Failure  Analysis 

To  understand  the  failure  mechanism  under 
compression  loading,  we  need  to  be  aware  of  the 
mechanical  stresses  that  the  compressed  block 
experiences.  For  blocks  that  are  bonded  to  end 
plates,  the  force  applied  can  be  viewed  as  being 
composed  of  two  portions;  one  part  is  responsible 
for  the  surface  displacement  and  a  second  shear 
displacement  is  added  to  restore  points  on  the 
rubber  surface  to  their  original  positions  on  the 
compression  surface  (12).  For  a  linearly  elastic, 
incompressible,  and  isotropic  material  this  stress 
state  produces  a  hydrostatic  pressure  component 
within  the  block.  This  hydrostatic  pressure  has  a 
maximum  at  the  center  and  a  parabolic  decrease 
towards  the  outside.  As  the  height  of  the  block 
increases  the  maximum  internal  pressure  decreases 
(13).  When  the  thickness  of  the  block  increases  the 
effect  of  the  constrained  surfaces  (shear  forces) 
will  contribute  less  to  the  stress  distribution  in 
the  block  (13) . 

Reed  and  Thorpe  (14)  determined  the  shear 
stresses  in  a  compressed  block  by  finite  element 
analysis.  The  shear  stresses  were  found 
concentrated  in  the  top  outside  corners  and 
negligible  at  the  center.  Therefore,  although  there 
may  well  be  some  small  amount  of  shear  stresses  at 
the  center  of  the  block,  their  contribution  to  the 
failure  mechanism  is  likely  to  be  small. 

For  a  compressed  sample  with  frictionless 
surfaces,  Treloar  (15)  states  the  equilibrium  strain 
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in  a  compressed  block  is  the  same  as  the  equilibrium 
strain  for  a  specimen  biaxially  strained 
perpendicular  to  the  loading  direction.  For 
Treloar's  case  no  bulging  effects  occur  as  in  our 
test. 

Under  fatigue  all  blocks  taken  to  failure 
exhibit  cracks  formed  at  the  center  of  the  specimen. 
These  cracks  run  perpendicular  to  the  loading 
direction.  Figure  4  shows  the  internal  cracks, 
generated  during  fatigue  testing,  on  a  cut  section 
of  one  of  our  specimens.  Figure  5  shows  the 
internal  cracks  for  a  clear  polyurethane  of  a 
different  composition  than  our  specimens. 


FIGURE  4.  Specimen  Cut  Open  To  Reveal  Internal 
Center  Cracks  After  Failure. 

Buckley  (16)  ran  compression  tests  on 
cylindrical  specimens  of  styrene-butadiene  rubber  in 
a  Goodrich  Flexometer.  He  found  a  similar  type  of 
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failure,  with  internal  and/or  external  cracks 
running  perpendicular  to  the  loading  direction. 
Although  Buckley  felt  the  stress  state  in  his  test 
would  be  much  more  complex  than  Treloar  described 
for  uniaxial  compression,  Buckley  suggested  the 
observed  failures  could  be  due  to  biaxial  extension. 
The  strains  in  the  center  of  the  specimen  would  be 
similar  to  a  flat  sample  extended  in  two  directions. 
The  model  which  Buckley  used  to  describe  his 
failures  is  shown,  with  changes  to  represent  a 
square  cross-sectional  surface  as  in  our  specimens, 
in  Figure  6. 

In  this  model  the  compressed  specimen  exhibits 
bulging.  A  slice  taken  from  the  center  of  the 
specimen,  perpendicular  to  the  loading  direction, 
shows  extensions  similar  to  those  of  a  biaxially 
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FIGURE  6.  Biaxial  Extension  Model  of  a  Compressed 
Block, 


stretched  sample.  These  extensions  are  believed  to 
cause  biaxial  tensile  failure  of  the  specimen  (16), 

Recently,  Stevenson  (17)  studied  the  formation 
of  cracks  in  bonded  rubber  blocks.  He  found  cracks 
to  initiate  at  the  bonded  surfaces  under  tensile 
stress  concentrations.  In  contrast  to  Buckley's 
results,  he  found  no  evidence  for  much  heat  build-up 
or  internal  cracking. 

The  results  of  our  testing  correlate  well  with 
the  experiments  of  Buckley.  It  may  be  that  heat 
build-up  changes  the  characteristics  of  the  failure 
so  that  only  internal  cracking  initiates  the 
failure,  with  external  cracking  appearing  only  at 
the  very  end  of  the  test.  Under  compression  cycling 
heat  build-up  occurs;  the  hottest  portion  of  the 
specimen  being  the  center  of  the  block.  The  center 
portion  of  the  block  is  subjected  to  extensional 
strain,  and  as  the  temperature  at  the  center  of  the 
block  approaches  the  hard  segment  transition 
temperature,  the  material  properties  at  the  center 
of  the  specimen  will  degrade.  This  weakening  of  the 
center  portion  of  the  specimen,  in  conjunction  with 
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the  extensional  strain,  causes  failure  at  the  center 
of  the  specimen. 


CONCLUSIONS 


Under  three  different  loading  conditions  it  was 
possible  to  fail  specimens  through  cracks  generated 
at  the  center  of  the  test  specimen.  DSC  analysis 
showed  an  increased  hard  segment  transition 
temperature,  caused  by  thermal  annealing  at  the  high 
temperatures  of  the  fatigue  test.  Swelling  analysis 
indicated  that  no  significant  breakdown  in  crosslink 
density  is  required  for  failure  of  specimens  in 
compression  loading. 

All  samples  had  a  decreased  elastic  modulus 
(S')  after  fatigue;  the  percentage  decrease  grows 
with  increasing  number  of  fatigue  cycles.  The 
internal  temperature  also  increases  with  the  number 
of  cycles,  and  the  continuous  increase  in 
temperature  leads  to  softening  of  the  material  and 
increased  deformation.  Stress-softening  continues 
with  increased  amplitude  of  deformation,  so  the 
modulus  decreases  throughout  the  duration  of  the 
test.  The  modulus  reduction  is  not  caused  by 
mechanical  stress  or  thermal  annealing  alone,  but 
requires  the  interaction  of  both. 

The  blocks  fail  under  heat  build-up  with  the 
generation  of  cracks  at  the  center  of  the  test 
specimen.  Under  compression  cycling  heat  build-up 
occurs;  the  hottest  portion  of  the  specimen  being 
the  center  of  the  block.  The  center  portion  of  the 
block  is  subjected  to  extensional  strain,  and  as  the 
temperature  at  the  center  of  the  block  approaches 
the  hard  segment  transition  temperature,  the  modulus 
of  the  material  will  decrease  rapidly.  This  leads 
to  higher  and  higher  extensions,  and  finally, 
rupture  of  the  specimen.  This  weakening  of  the 
center  portion  of  the  specimen,  in  conjunction  with 
the  extensional  strain,  causes  failure  at  the  center 
of  the  specimen,  rather  than  surface  failure 
initiation.  There  is  scant  experimental  evidence 
for  chain  scission;  however,  it  is  possible  that  the 
urethane  and  urea  bonds  could  dissociate  at  high 
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temperatures  and  subsequently  reform  as  the  material 
is  cooled. 

From  this  work  it  seems  that  the  hz rd  segment 
transition  temperature  determines  the  fatigue  life 
of  a  compressed  polyurethane  block.  For  long  part 
lifetimes  the  polyurethane  must  possess  a  very  high 
temperature  hard  segment  transition,  or  the  heat 
build-up  characteristics  of  the  material  must  be 
such  that  the  service  temperature  of  the  part  is 
well  below  the  hard  segment  transition. 
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NATURAL  RUBBER  FROM  GUAYULE 


RICHARD  WHEATON 

Director,  Critical  Agricultural  Materials  Office,  U.S. 
Department  of  Agriculture,  Washington,  D.C.  20250 


A  national  concern  over  the  availability  of  nonfuel 
minerals  and  materials  considered  essential  or  critical  to  the 
Nation's  Industrial  base  during  either  peacetime,  demand 
surges,  or  emergency  mobilization  has  been  a  longtime  issue. 

It  has  become  a  national  policy  to  reduce  America's 
materials  vulnerability  through  ocpendency  on  foreign  supplies 
for  strategic  and  essential  industrial  materials.  To  implement 
this  national  policy,  it  has  become  a  national  goal  to  conduct 
research  and  development  programs  to  provide  for:  the  Nation's 
security,  the  Nation's  economy,  and  adequate  supplies  of 
essential  materials. 

Natural  rubber  is  an  essential  material  for  which  the 
Nation  is  totally  dependent  on  foreign  sources.  Domestic 
production  would  provide  an  alternative  to  this  dependency  and 
economic  benefit  to  industry  and  the  population  in  general. 

The  Critical  Agricultural  Materials  Act  of  1984  places 
responsibility  with  the  U.S.  Department  of  Agriculture  to 
research  and  develop  a  domestic  source  of  natural  rubber  from  a 
native  arid  land  plant  called  guayule.  Current  research  on 
rubber  processing  is  indicating  that  guayule  can  be  economi¬ 
cally  competitive  with  imported  hevea  rubber.  Byproduct 
yields,  through  technological  advances,  are  being  enhanced  and 
provide  new  incentives  for  the  research  and  development  of  a 
domestic  natural  rubber  Industry. 

This  economic  competHi veness  will  make  it  possible  to 
domestically  produce  needed  quantities  of  natural  rubber  to 
meet  any  potential  shortfall  or  disruption  from  foreign 
supplies.  Domestic  production  would  primarily  address  these 
issues  slould  it  become  necessary  to  provide  a  larger  share  of 
the  Nation's  needs.  A  domestic  source  of  natural  rubber 
provides  protection  through  a  degree  of  self-sufficiency  for 
one  of  the  Nation's  essential  materials. 
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MICROSCOPIC  CHARACTERIZATION  OF  CARBON  BLACK  DISPERSION  IN 
RUBBER 


ABRAM  0.  KING 

Materials  Character i2at Ion  Division,,  U.S.  Army  Materials  and 
Mechanics  Research  Center,  Watertown,  Massachusetts  02172 


Carbon  black  dispersion  is  one  of  the  key  factors 
influencing  tensile  strength,  abrasion,  tear  resistance,  and 
other  Important  properties  of  rubber. 

The  mixing  process  regulates  the  particle  size,  distribu¬ 
tion,  and  degree  of  uniformity  of  aggregate/carbon  dispersion 
within  the  final  bulk  rubber  vulcanizate. 

The  work  presented  here  is  an  optical  microscopy, study  of 
a  few  commercial  rubber  samples  selected  for  their  potential 
use  as  track  pad  materials.  These  rubbers  were  produced  by 
different  vendors,  each  using  a  standardized  formulation 
supplied  by  the  U.S.  Army  Materials  and  Mechanics  Research 
Center  and  showing  variations  in  particle/aggregate  size  and 
dispersion. 
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THERMAL  AND  DYNAMIC  MECHANICAL  PROPERTIES  OF  ELASTOMERS 


JOEY  L.  MEAD,  ELIAS  R.  PATTIE 

Composites  Development  Division,  U.  S.  Army  Materials  and 
Mechanics  Research  Center,  Watertown,  Massachusetts  02172 


ABSTRACT 


Heat  build-up  measurements  were  taken  on  a  variety  of 
elastomer  formulations  under  compression-compression  fatigue  in 
order  to  correlate  material  properties  with  tank  track 
performance.  Computer  calculations  of  the  effect, of  test  piece 
geometry  on  heat  build-up  were  made.  Tan  delta  measurements 
were  taken  in  the  low  strain  regions  with  a  Rheovibron,  and 
hysteresis  values  were  calculated  using  the  values  of  tan  delta 
obtained.  These  hysteresis  values  could  not  be  correlated  to 
the  hysteresis  values  as  obtained  unde"  compression  test 
conditions.  This  indicates  the  need  for  dynamic  mechanical 
tests  under  high  strains,  which  will  be  addressed  in  future 
work . 


I.  Introduction 

A.  Heat  build-up  in  tank  pads  can  lead  to  ^lilure 

B.  Material  property  tests  should  be  used  to  predict 
performance 

II.  Experimental 

A.  Fatigue  testing 

1.  Compression-compression  fatigue 
,2.  Stress  ratio  0.1,  20  Hz,  maximum  load  4,500  lbs 

3.  Test  specimens  2.5”  x  2.5"  x  0.63 

4.  Monitor  internal  temperature 

B.  Dynamic  Mechanical  Properties 

1.  Low  strains--Rheovibron 

2.  Compare  tan  delta  values 

C.  Hysteresis 

1.  Calculate  hysteresis  from  tan  delta  and  compare, 
with  actual  hysteresis  from  test 
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a.  Calculated  hysteresis  = 

(oi2-<J22)Tr  tan  6 

E  ■ 

b.  Compression  modulus  from  fatigue  test  and 
tan  5  from  Rheovibron 

TABLE  1 

HYSTERESIS  VALUES 


Sample 

Temp  ,(C) 

Hysteresis 

Calc.  (Ib-ir) 

Hysteresis 
Actual  lb-in 

TR-129 

106 

59 

41 

91 

97 

52 

TR-86 

53 

92 

44 

TR-92 

141 

96 

44 

TR-128 

84 

121 

46 

TR-127 

48 

79 

40 

TABLE  2 

EFFECT  OF  VOLUME 

ON  TEMPERATURE  RISE 

Width 

Height 

; 

Temperature 

(cm) 

(cm) 

Rise  (C) 

6.35 

1.52 

18 

12.70 

3.04 

72 

19.05 

4.56 

162 

25.40 

6.08 

283 

Shape  Factor  1.04 
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III.  Conclusions 


A.  Calculated  hysteresis  values  cannot  be  correlated  with 
actual  test  hysteresis  values 

B.  Dynamic  mechanical  tests  under  high  strains  will  be 
requ 1  red 
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C3)  3aniva3dW3i 


CYCLES 


HEAT  BUILD-UP  CALCULATION 


In  order  to  obtain  a  rough  estimate  of  the  heat  build-up 
in  the  blocks,  a  sample  calculation  was  run  for  a  urethane  sys¬ 
tem.  The  equilibrium  temperature  rise  above  ambient  (aT)  can 
be  calculated  from  (1) 


at  =  RQ/60KA 


where  A  is  the  surface  area,  Q  is  the  heat  input  in  cal/min,  R 
is  the  distance  from  the  center  to  the  surface,  and  K  is  the 
coefficient  of  thermal  conductivity  in  cal-cm/s-cm^  -  “C.  Q 
can  be  calculated  from  the  following  equation 


Q  -  0.143  Eh 


where  Eh  is  the  heat  energy  input  in  N-cm/s.  We  can  determine 
Eh  for  a  given  cyclic  loading  by  (1) 

Eh  =  (oi^  -  fd/Ec 


where  oi  and  op  are  the  maximum  and  minimum  stresses,  w  is  the 
test  frequency,  f(j  is  the  damping  factor,  and  E^  is  the 
compression  modulus. 

Iq  is  a  function  of  the  shape  factor  (S)  of  the  test 
piece,  where  S  is  defined  as  the  ratio  of  the  loaded  area  to 
the  force  free  area.  The  compression  modulus  can  be  calculated 
by  (2) 


Ec  =  Eo  (l+2ks2) 


where  Eq  is  the  Young's  modulus  of  the  material,  S  is  the  shape 
factor,  and  k  is  a  numerical  factor. 

From  Rheovibron  data  a  value  for  Eq  was  determined  to  bt 
1.89  X  10^  dynes/cm^.  The  values  for  Eq  will  vary  with  the 
temperature  and  the  amount  of  deformation,  but  for  a  first 
approximation  Eq  was  assumed  Independent  of  these  variables. 

The  value  of  k  was  assumed  to  be  0.5,  K  was  taken  to  be  0.002, 
and  f(j  was  assumed  to  be  0.15.  Fur  a  fatigue  test  with 
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4,500  lbs  maximum  load,  450  lbs  minimum  load,  and  a  frequency 
of  6.5  Hz,  the  equilibrium  temperature  rise  was  calculated  for 
varying  values  of  S.  The  test  specimen  was  assumed  to  have  a 
length  and  width  of  2.5  inches,  and  the  height  of  the  specimen 
was  varied  to  obtain  changes  in  S.  A  second  calculation  was 
done,  but  with  the  shape  factor  constant  and  the  volume  of  the 
block  increasing.  The  cyclic  stress  was  maintained  the  same 
for  all  sizes  of  the  block.  . 
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SCANNING  AUGER  IMAGES  OF  ADDITIVE  DISPERSION  IN  RUBBER 


SIN-SHONG  LIN 

U.  S.  Army  Materials  and  Mechanics  Research  Center,  Watertown, 
Massachusetts  02172 


ABSTRACT 

Auger  electron  spectroscopic  technique  For  examining 
additive  dispersions  of  commercial  rubber  has  been  developed. 
This  technique  not  only  reveals  inhomogeneous  elemental  distri¬ 
butions  of  rubber  in  micro-domains,  but  also  can  be  used  to 
deduce  the  probable  chemical  compositions  of  the  heterogeneous 
sites.  The  particle  sizes  as  well  as  aggregations  of  additives 
are  determined  within  the  electron  beam  width  of  the  analytical 
instrument.  Thus  elemental  distributions,  additive  disper¬ 
sions,  and  chemical  compositions  of  intimate  mixtures  can  be 
studied  by  direct  Auger  imaging. 

The  preparation  of  the  specimen  is  crucial  for  the  success 
of  the  present  technique.  Frozen  rubber  is  first  sectioned 
into  10  to  20  urn  thick  slices  and  toen  the  slices  are  either 
mounted  on  an  adhesive  copper  tape  or  back-coated  with  a  noble 
metal.  The  sectioned  surfaces  are  analyzed  by  scanning  Auger 
microscopic  imaging  for  elemental  distributions,  and  by  Auger 
spot  spectra  for  chemical  compositions.  The  spectra  are  used 
to  calculate  atomic  concentrations  from  known  elemental  sensi¬ 
tivity  factors.  Examples  obtained  from  commercial  rubber  will 
be  illustrated  and  essential  factors  affecting  the  analysis 
will  be  discussed. 


INTRODUCTION 


The  recent  development  of  analytical  instrumentation  has 
accelerated  advancements  of  scientific  frontier  in  discovery 
’and  understanding  of  new  phenomena.  Application  of  Auger 
electron  spectroscopy  (1-3)  (AES)  in  scientific  fields  has 
expanded  from  the  initial  stage  of  laboratory  curiosity  (4)  to 
every  corner  of  material  sciences  (5,  6).  This  technique  has 
features  uncommon  to  other  electron  beam  methods.  One  of  the 
notable  characteristics  of  this  technique  is  its  ability  to 
study  the  chemical  environment  of  surface  elements  in  the  most 
efficient  and  effective  way.  The  instrument  has  a  high  sensi¬ 
tivity  for  the  light  elements  commonly  observed  in  organic 
materials.  This  contrasts  with  X-ray  fluorescence  analysis 
where  the  fluorescence  yield  is  very  small  for  these  elements. 
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The  degree  of  additive  dispersions  in  rubber  is  one  of  the 
important  factors  that  influence  physical  properties  of  vulcan¬ 
ized  rubber  (7).  The  (significance  of  carbon  black  dispersion 
on  mechanical  properties  of  rubber  has  been  discussed  in  the 
literature  (8,  9).  However  the  dispersion  of  other  additives. 


such  as  sulfur  and  su 
organic  acids,  is  not 


fur  containing  molecules,  zinc  oxide,  and 
well  understood.  It  is  generally 
believed  that  these  additives  are  chemically  well  dispersed 
into  the  Interiors  of  the  rubber  matrix,  and  due  to  their  small 
quantities,  the  properties  of  the  rubber  are  less  affected  by 
the  extent  of  their  dispersions. 

The  Information  bbtainable  from  the  AES  study  of  the 
dispersion  of  the  additives  excluding  carbon  black  includes: 

(1)  the  dimensions  and  the  distributions  of  additives  or  addi¬ 
tive  agglomerates,  (2|)  the  chemical  natures  of  these  particles 
and  agglomerates,  and  (3)  the  chemical  differences  of  the  sur¬ 
face  Irregularities.  |  In  this  paper,  the  technique  for  studying 


additive  dispersions 
mercial  rubber  are  ill 
influencing  the  analy 


is  described.  The  Auger  images  of  com- 
lustrated  and  the  dominant  factors 
sis  are  discussed. 


EXPERIMENT  ANALYSIS 

I 

Sample  Preparation 

Preparation  of  Specimen  for  AES  analysis  is  crucial  for 
success  of  the  present  technique.  The  rubber  to  be  examined  is 
first  sectioned  into  a  suitable  thickness,  followed  by  proper 
mounting  on  a  specimen  holder  before  it  is  placed  into  the 
analytical  chamber  ojf  tl  e  Auger  instrument. 

Sectioning  of  plbber.  The  procedure  for  sectioning 
vulcanized  rubber  has  been  well  documented  in  ASTM  tests 
(10,  11),  so  it  willj  not  be  repeated  here.  The  main  features 
of  the  present  preparation  are  not  quite  as  strict  as  those 
described  in  the  ASTM  methods.  The  ruboer  is  first  frozen 
below  the  glass  transition  temperature  so  that  a  smooth  cutting 
can  take  place.  The  easiest  way  to  do  this  is  to  pick  up  a 
chunk  of  rubber  from  liquid  nitrogen  and  mount  it  on  the  micro¬ 
tome  instrument  for  immediate  slicing  until  the  rubber  is 
defrosted.  Usually^  the  cutting  period  can  be  extended  by 
spraying  with  Freon| coolant.  The  surface  contamination  of  the 
coolant  was  found  tb  be  negligible  after  vacuum  outgassing. 

The  best  thickness  bf  slices  is  approximately  10  to  20  urn, 
since  for  thinner 
analytical  electron 


[lices  the  surface  is  easily  destroyed  by  the 
beam,  while  for  thicker  slices  no  Auger 


signal  can  be  obtained  due  to  poor  electrical  conductance. 


282 


Therefore,  an  appropriate  thickness  is  determined  by  the  con¬ 
ductance  as  well  as  by  the  electron  beam  density  of  the 
analytical  instrument. 

Mounting  of  Slices.  For  Auger  electron  spectroscopic 
analyses,  a  good  signal  is  obtained  only  when  the  surface  to  be 
examined  is  conductive  and  is  firmly  grounded.  For  this  rea¬ 
son,  the  surface  should  have  a  good  electric  connection  to  a 
supporting  fixture.  This  is  accomplished  by  either  conducting 
adhesives  or  by  evaporation  coating  of  Pd/Au  onto  the  backside 
of  the  sliced  surface.  8y  a  trial  and  error  method,  it  is 
found  that  intimate  adhesion  of  the  surface  can  be  made  by  a 
conductive  copper  tape  commercially  available.  Care  should  be 
exercised  not  to  expose  excessive  adhesive  on  the  front  sur¬ 
face.  It  should  be  stressed  that  intimate  adhesion  between 
rubber  and  copper  has  been  made  by  repeatedly  pressing  the 
rubber  surface  against  the  underlying  copper  tape.  The  use  of 
tweezers  and  forceps  is  highly  recommended  to  avoid  surface 
contamination.  In  the  case  of  the  conductive  coating,  Pd/Au 
alloy  commonly  used  in  the  SEM  specimen  preparation  (12)  is 
employed.  The  metal  coating  on  the  surface  is  about  1  urn  , 
thick.  Due  to  the  elastic  nature  of  rubber,  frequent  bending 
of  the  back  surface  during  handling  may  displace  the  evaporated 
layer.  Consequently  it  might  produce  a  small  electrically  iso¬ 
lated  domain.  After  careful  mounting,  the  specimen  is  ready  to 
clip  onto  the  carousel  of  the  analytical  instrument. 

Instrument  and  Procedures 


The  instrument  used  in  the  present  investigation  is  PHI 
model  548  ESCA/Auger  manufactured  by  Physical  Electronics  Ind., 
with  a  scanning  Auger  microscopic  (SAM)  attachment.  The 
instrument  is  depicted  in  Figure  1  and  the  Auger  transition  is 
briefly  illustrated  in  Figure  2.  For  the  present  analysis,  the 
electron  energy  is  fixed  at  5  kV  and  1  uA.  with  modulation 
frequencies  of  6  eV  for  SAM  and  3  eV  fon  stationary  Auger  spot 
analysis.  Under  this  setting,  the  electron  beam  width  is  about 
4  urn.  The  setting  is  chosen  because  of  convenience  as  well  as 
minimal  distortion  of  Auger  images  with  a  maximum  area  of 
analysis.  The  SAM  images  are  recorded  by  using  the  magnitudes 
of  the  negative  peak  heights  at  a  speed  of  2.5  minutes/frame. 
The  identification  of  an  element  is  established  from  the 
energies  of  emitted  Auger  electrons.  From  the  magnitudes  of 
Auger  peak  heights  recorded  on  the  spectra,  the  chemical  compo¬ 
sition  can  be  estimated  (13). 

Heating  Effect.  The  primary  electron  beam  has  a  tendency 
to  heat  the  surface,  resulting  in  evaporation,  charring,  and 
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generator,  quadrupole  mass  spectrometer,  etc.  Muger  speciromeier  tunttui,  v**/  nuyci  v-u.. 
and  data  processing,  (5)  Depth  profiling  and  X-ray  power  source,  and  (6)  Secondary  ion  mass 
spectrometer  panel. 


PHOTOELECTRON  AUGER  ELECTRON 


(KL.L^3) 


AUGER  ELECTRON.  3  *  “  ^L,  *  ^ 


FIGURE  2.  Mlustratlon  of  Auger  electron  transition.  There 
are  three  steps:  (1)  creation  of  vacancy  In  the  Inner  atomic 
orbital  (K  shell)  by  an  electron  beam  of  X-ray  radiation. 

(2)  the  electron  transition  from  the  upper  level  (Li  shell)  to 
the  vacant  orbital  (K  shell),  and  simultaneously,  (3)  the 
emission  of  Auger  electron  from  the  adjacent  atomic  orbital 
(L2,3  shell). 


destruction  of  the  analyzed  area.  Heating  by  primary  electron 
beam  causes  serious  problems  In  the  analysis.  The  heat  Induced 
by  the  electron  beam  not  only  Introduces  physical  damage  to  the 
surface,  such  as  cracking  and  shrinking,  but  It  also  creates 
unwanted  chemical  transformat  Ion  on  the  surface.  Thus,  the 
image  obtained  at  the  end  of  the  scanning  win  be  distorted; 
and  in  the  extreme  case,  the  surface  is  entirely  different  from 
that  at  the  beginning. 
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Charging  Effect.  The  effect  of  sample  charging  (14)  due 
to  electrically  isolated  domains  should  be  avoided  as  much  as 
possible  during  the  preparation.  The  effect  can  be  reduced  by 
lowering  the  primary  analytical  electron  energy,  tilting  the 
sample  surface,  and  using  a  neutralization  gun.  The  floating 
potential  surface  yields  drastic  changes  in  SAM  images  and  AES. 
spectra.  The  interpretation  of  the  image  and  the  spectrum 
becomes  difficult  and  erroneous.  In  an  extreme  case  of  the 
charge  effect,  the  AES  spectrum  consisted  of  several  large  off- 
scale  signals  occurring  at  low  electron  energy.  In  a  lesser 
extent  of  the  charge  effect,  the  Auger  peak  positions  are 
shifted  toward  higher  electron  energy.  Since  the  magnitude  of 
the  energy  shift  is  not  predictable,  the  Auger  peak  positions 
in  the  spectra  become  meaningless.  The  SAM  images  under  a  mild 
charging  condition  show  extreme  bright  spots  indicating 
excessive  accumulations  of  electrically  charged  Islands. 

Chemical  Contrast 

The  versatility  of  the  Auger  electron  spectrosopy  is  due 
in  great  measure  to  its  detection  of  a  rich  variety  of  chemical 
elements  present  on  the  top  surface.  Therefore,  the  chemical 
treatment  can  be  employed  to  produce  high  contrast  in  SAM 
Images  revealing  differences  in  chemical  binding  states  of  the 
heterogeneous  surface  in  addition  to  particle  inclusions  and 
agglomerations.  By  a  suitable  choice  of  chemical  reactants,  it 
is  possible  to  reveal  heterogeneities  in  the  binding  states  of 
elastomer  surfaces.  Chemical  oxidizing  reagents  such  as  KMnOa, 
OSO4,  Br2,  and  HBr  can  be  used  to  monitor  heterogeneous  micro- 
domains  in  rubber  structures  by  varying  degrees  of  reaction. 

The  results  obtained  from  the  KMnOa  and  O5O4  solutions  will  be 
illustrated  here. 


RESULTS  ANO  DISCUSSIONS 

The  example  of  poor  dispersion  with  many  heterogeneous 
sites  taken  from  commercial  tread  rubber  is  shown  in  Figure  3. 
The  terrain  with  many  particle  inclusions  is  shown  (Figure  3a 
and  3b).  The  SAM  image  of  carbon  (Fio'^re  3c)  and  those  (Fig¬ 
ures  3d  to  3f)  of  oxygen,  sulfur,  and  zinc  are  complimentary. 

The  site  at  the  center  of  the  frame  (Figure  3b)  shown  on  the 
AES  spectrum  (Figure  4a)  reveals  a  rather  high  concentration  of 
oxygen.  The  presence  of  oxygen  without  accompanying  cation 
indicates  that  oxygen  is  probably  present  as  organic  acids, 
carbonyl,  or  highly  oxidized  polymers.  Two  bright  spots  are 
observed  in  the  sulfur  image  (Figure  3e),  but  one  of  them  has  no 
corresponding  spot  in  the  oxygen  and  zinc  images  (Figure  3d  and 
3f).  The  stationary  AES  analyses  (Figure  4c)  of  the  latter 
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FIGURE  3.  Scanning  Auger  microscopic  images  of  rubber  surface 
(  INaB)  .  Two  bright  cpots,  A  and  B,  In  the  S  Image  are 
observed,  but  only  ''9"  has  corresponding  scots  In  the  Zn  and  0 
images. 
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FIGURE  4.  Auger  electron  spectra  of  rubber  surface  (T8#4B). 
Refer  to  Figure  3b;  (a)  at  the  center,  (b)  at  site  "B",  (c)  at 

site  "A". 


spot  (designated  as  "A"  in  Figure  3e)  reveals  no  sulfur  signal. 
This  might  be  due  to  the  evaporation  of  free  sulfur  by  exces¬ 
sive  heat  produced  by  the  electron  beam  during  the  spot  analy¬ 
sis.  The  sulfur  image  taken  after  the  spot  analysis  and  the 
prolonged  exposure  to  the  electi^on  beam,  shows  the  absence  of 
this  bright  spot.  The  stationary  analysis  (Figure  4b)  of  the 
site  (designated  as  "8”)  in  (Figure  3c)  indicates  the  presence 
of  Zn,  S,  0,  Ca,  and  Cl  in  addition  to  C.  The  atomic  concen¬ 
trations  of  the  first  three  elements  are  roughly  in  a  propor¬ 
tion  of  21:15:17.  Thus  the  site  probably  contains  ZnO,  ZnS, 
and  CaO  in  addition  to  Zn/Ca  chlorides.  After  the  magnifica¬ 
tion  of  500X  (frame  width  150  urn)  as  shown  in  Figure  5a,  the 
site  is  found  to  consist  of  at  least  two,  possibly  three,  large 
aggregates  under  the  present  limited  resolution.  From  the  SAM 
images  shown  (Figure  5b  to  5d),  it  can  be  speculated  that  the 
site  is  an  agglomeration  consisting  of  several  particles  con¬ 
taining  ZnO  and  ZnS  in  a  matrix  of  elastomer  and  carbon  black. 
The  present  observation  suggests  that  ZnO  has  reacted  with  S  to 
form  ZnS.  During  the  fabrication  of  vulcanized  rubber,  the 
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FIGURE  5.  Scanning  Auger  microscopic  images  of  rubber  surface 
(TP#4B1) .  The  enlargjment  of  the  site  "B"  In  Figure  3.  The 
site  is  an  agglomeration  of  many  ZnO  and  ZnS  small  particles. 
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sequence  of  the  blending  process  might  adversely  lead  to  the 
formation  of  ZnS  instead  of  S  cross-linkage. 

One  set  of  the  interesting  SAM  images  containing  many 
exotic  particle  inclusions  is  shown  in  Figure  6.  Several  bumps 
and  nodules  are  clearly  shown  on  SEO  photograph  (Figure  6a). 

Two  spots  partially  immersed  in  rubber  matrix  are  found  to  have 
high  oxygen  concentrations  (Figure  6c).  The  stationary 
analyses  (Figure  7)  of  these  sites  indicate  that  the  "A"  loca¬ 
tion  has  chemical  constituents  of  Al,  Si,  Ti  and  0,  while  the 
"B"  location  has  a  negligible  amount  of  oxygen  only.  In  the 
latter  case,  the  particle  might  have  been  removed  by  the  elec¬ 
tron  beam.  In  the  S  image  (Figure  6d),  two  high  concentrations 
of  sulfur  are  observed,  but  no  sulfur  is  detected  in  the  AES 
spectra  (Figure  7c  and  7d).  The  “C"  location  is  found  to  have, 
a  large  amount  of  CaO  while  the  "D"  site  shows  only  carbon. 

The  absence  of  sulfur  is  probably  due  to  evaporation  by  the 
electron  beam  heating.  In  other  instances,  foreign  particles 
of  Fe,  Cr,  and  Ni  oxides  are  found  (not  shown)  to  embed  into 
the  rubber  matrix.  These  are  contaminations  probably 
introduced  during  fabrication. 

In  Figure  8,  the  surface  treated  with  KMn04  with  the 
reference  image  (Figure  8a)  followed  by  the  SAM  images  of  C,  0, 
and  Mn  (Figures  8b  to  8d,  respectively)  is  shown.  The  topog¬ 
raphy  of  the  surface  (Figure  8a)  after  the  treatment  is  fairly 
smooth  with  fewer  numbers  of  bumps  and  nodules  scattered  on  the 
surface.  The  SAM  C  image  (Figure  8b)  reveals  that  except  for  a 
few  sites.  Carbon  C  is  distributed  evenly.  The  SAM  images 
(Figures  8c  and  8d)  of  0  and  Mn  are  very  similar  except  for 
relative  contrast.  The  distribution  of  these  two  elements  are 
not  homogeneous  due  to  the  varying  degrees  of  chemical 
reactions  which  occurred  between  the  permanganate  solution  and 
the  rubber  surface.  The  reaction  (15)  is  thought  to  remove 
noncrystalline  material  preferentially  in  polyethylene.  The 
high  concentrations  of  Mn  and  0  are  observed  in  the  upper  left 
corner  of  the  both  frames  (Figures  8c  and  8d).  The  high 
density  of  Mn  shown  on  the  image  is  probably  derived  from  a  ■ 
high  reactivity  of  the  surface  and  a  formation  of  stable  Mn 
compounds.  The  chemical  contrast  has  been  also  produced  by  the 
treatment  of  the  rubber  surface  with  a  1  percent  OSO4  solution. 
This  oxidative  treatment  affects  only  residual  olefine  double 
bonds  (1.6)  in  rubber.  The  SAM  Os  image  (not  shown)  shows  no 
enrichment  of  Os  indicating  that  no  appreciable  amount  of 
olefin  double  bonds  remains  in  the  rubber  matrix. 


FIGURE  6.  Scanning  Auger  microscopic  Images  of  rubber  surface 
(TPifliOB) .  Four  heterogeneous  sites  are  observed  In  the  S  and  0 
Images  designated  as  A,  B,  C,  and  0.  The  compositional 
analyses  of  these  sites  show  exotic  chemical  constituents. 


CONCLUSIONS 


Auger  electron  spectroscopy  is  a  versatile  tool  in 
studying  the  chemical  constituents  of  dispersions  in  rubber. 
This  technique  combined  with  the  SAM  analyses  produces  two 
dimensional  Images  which  are  useful  in  the  elucidation  of 
aggregations  and  dispersion  states  of  the  rubber  additives. 
Especially  particle  Inclusions  and  agglomerations  can  be 
studied  together  with  the  topographic  features  of  the  com¬ 
plimentary  SED  Image.  Additional  Information  concerning  the 
binding  states  of  elastomers  and  additives,  aggregations  of 
excessive  cross-l inkages,  unsaturated  double  bonds,  and  large 
hard  segments  of  polymers  can  be  imaged  with  the  aid  of 
chemical  reactants. 

The  success  of  the  present  AES  technique  depends  on  the 
proper  preparation  of  sample  surfaces.  A  conductive  surface  Is 
an  essential  factor  in  the  analyses  of  additive  dispersions. 


291 


<a>  seo  <nnac«  60  X  <7^0 


(b)  SAM  Carbon 


(c)  •^AM  Oxyoen 


(d)  SAM  5u!fur 


FIGURE  7.  Auger  electron  spectra  of  rubber  surface  (TP#10B). 
Refer  to  Figure  6a:  (a)  at  "A",  (b)  at  "B'',  (c)  at  "C"  and  (d) 

at  "0".  Many  particle  inclusions  are  observed. 
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FIGURE  8.  Scanning  Auger  microscopic  images  of  rubber  surface 
after  chemical  treatment  with  KMn04.  The  sectioned  rubber  is 
treated  with  a  saturated  KMn04  solution  to  reveal  the  hetero¬ 
geneous  chemical  nature  of  the  surface.  The  Mn  and  0  images 
are  similar  due  to  the  chemical  reaction. 
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The  heating  of  the  surface  by  the  electron  beam  as  well  as  the 
alternation  of  the  surface  topology  by  electron  specimen  inter¬ 
actions  should  also  be  considered  in  the  correct  interpretation 
of  the  observed  images.  Artifacts  associated  with  the  analysis 
should  be  carefully  examined  so  that  they  might  reveal 
information  about  tne  composition  and  heterogeneity. 
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ASPECTS  OF  THE  SYNTHESIS  OF  POLY(DICHLOROPHOSPHAZENE) 


MICHAEL  S.  SENNETT 

U.  S.  Army  Materials  and  Mechanics  Research  Center,  Watertown, 
Massachusetts  02172 


INTROOUCTIOK 


The  thermal  polymerization  of  (NPCl2)3,  1,  Is  the  prin¬ 
cipal  synthetic  route  to  poly(dlchlorophosphazene)  (•<i’Cl2)n* 
n_.  The  uncatalyzed  polymerization  Is  difficult  to  ontrol, 
particularly  its, tendency  to  produce  insoluble,  cros^linked 
polymer  at  high  conversions  (1).  Understanding  and  treating 
this  problem  is  made  more  difficult  by  the  lack  of  reproduci¬ 
bility  observed  from  batch  to  batch  of  I.  The  polymerization 
of  I^  has  beenstudieu  extensively  and  Is  reviewed  In  recent 
literature  (2).  It  Is  generally  agreed  that  It  Is  a  cationic 
chain-growth  polymerization.  Initiated  either  by  rinn  openltig 
of  i  or  by  chloride  dissociation  from  ^  (3-5).  , 

Catalysis  has  been  considered  as  a  possible  solution  to 
the  problems  encountered  in  tne  polymerization  of  |  and  a  great 
many  materials  have  been  tested  for  catalytic  activity  (6,7). 
Although  many  materials  are  capable  of  accelerating  the 
reaction  or  lowerino  the  temperature  .‘egul red  to  Induce, poiy- 
me-izatlon,  most  also  tend  to  promote  crosslink  formation. 

Boron  trichloride  (BCI3),  1s  catalyt leal  ly  •tcti.i*  and  promotes 
polymerization  at  temperatures  as  low  as  IbO'C  although  gel 
formation  Is  still  encountered  under  some  conditions.  Perform¬ 
ing  the  polymerization  with  dilute  solutions  of  |  has  been 
shown  to  help  control  crosslinking  (8),  and  8C1 3"cata1yzed 
solution  polymerizations  of  T  In  1 ,2,4-trlchlorobenzene  (TC.B) 
produce  high  yields  (>  SO  percent)  of  soluble,  high  molecular 
weight  IJ. 

This  paper  presents  the  results  of  an  Investigation  of  the 
8CI3  catalyzed  solution  polymerization  of  I.,  The  use  of  laser 
Raman  spectroscopy  to  monlto'-  the  concentration  of  (NPCl2)3 
throughout  the  course  of  the  reaction  represents  a  great 
improvement  over  gravimetric  methods  previously  employed  to 
determine  polymerization  rates.  Characterizatic  1  of  the  poly¬ 
meric  products  of  the  reaction  by  size  exclusion  chromatography 
(StC),  light  scattering,  membrane  osmometry,  and  dilute  solu¬ 
tion  viscosity  (ubV)  techniques  provided  Information  Important 
to  understanding  the  reaction  mechanism. 
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EXPERIMENTAL  SECTION 


Toluene  and  heptane  were  distilled  from  CaHj  under  N?  and 
stored  under  N2.  HPLC  grade  TCB  (Fisher)  was  saturated  with  N2 
upon  opening  and  stored  under  N2.  HPLC  grade  THP  was  used  as 
received  from  Burdick  and  Jackson  Labs  and  stored  under  helium. 
(NPCl2)3  (Phosnic  390,  Inabata  Co.,  Japan)  was  purified  by 
repeated  recrystal  1 1zatlon  from  heptane  and  sublimation.  BCI3 
(99.95  percent)  was  used  as  received  from  Matheson  Gas 
Products.  Polymerizations  monitored  by  Ranan  spectroscopy  were 
carried  out  In  heavy  walled  pyrex  tubes  (5  mm  o.d.  x  200  mm 
long,  approx,  vol.  2  mL).  Larger  ampoules  (approx,  vol.  30  mL) 
were  used  to  prepare  polymers  for  characterization  studies. 

In  a  typical  experiment,  a  flame  dried  polymerization  tube 
was  filled  In  the  drybox  with  a  TCB  solution  cf  L  The  filled 
tube  was  then  degassed  outside  me  drybox  using  a  vacuum  line 
and  ultrasonic  agitation.  A  measured  guantity  of  BCI3  was  then 
condensed  at  77  k  into  the  tube  which  was  then  sealed  with  a 
flame.  Polymerization  was  carried  out  in  a  thermostatted 
aluminum  block  heater  controlled  to  within  I’C  of  the  desired 
temperature.  Laser  Raman  spectroscopy  was  performed  using  a 
Spex  Industries  model  1401  speccrometer  coupled  to  a  Spex 
Oatamate  system  and  a  Spectra-Physics  2  watt  argon-ion  laser. 
The  Initial  Raman  spectrum  of  the  polymerization  solution  was 
recorded  at  room  temperature  from  280  to  420  cm**.  The  sample 
was  then  heated  to  polymerization  temperature.  The  reaction 
was  halted  at  intervals  by  cooling  to  room  temperature  and  the 
Raman  spectrum  recorded  again.  The  areas  of  the  peaks  at 
327  cm-1,  361  cm-^,  and  390  cm**  (TCB,  I,  TCB)  were  calculated 
and  the  ratios  of  the  peak  areas  (361/327,  361/390)  were  used 
to  determine  the  concentration  of 

After  polymerization,  n  was  characterized  by  SfC  and  OSV 
then  reacted  with  IHF  solutions  of  NaOCHpCF 3  In  tne  drybox  at 
room  temperature  to  produce  the  stable  polymer  (nP(0CH2CF 3)2) , 
HI,  for  further  character  1 zat Ion  by  light  scattering  and 
membrane  osmometry  (9).  Sf C  was  (jrrled  out  on  i  Waters  244 
ALC/GPC  Instrument  with  bCOOA  solvent  dellvn-y  s;'St(>m,  U6K 
Injector  and  a  R 100  refractive  Index  (Rl)  det>*cti)r  coupled  to  a 
Spectra-Phys Ics  S'’10G0  data  system.  Additional  chromatography 
was  performed  on  a  Waters  150  AlC/GPC  Instrument  coupled  to  a 
Waters  i''ata  Module  (9).  Light  scattering  was  performed  on  a 
F'CA  motJel  50  Instrument.  Membrane  osnvjmetry  measurements  were 
made  on  a  Hewlett  Packa’"d  Mechro’ab  moilel  501  high  speed  mem- 
prine  osmometer  equipped  with  an  Afo  laboratories  Type  600 
ceilu'ose  acetate  membrane.  OS/  measurements  were  made  using 
Cannon  ubheiohde  type  viscometers  imirensed  in  a  40  I  water  bath 
controlled  to  within  0.1*0  of  the  desired  temperature. 


RESULTS  AND  DISCUSSION 


Polymerizations  were  carried  out  using  0.54  molal  (m) 
solutions  of  X  In  TCB  and  BCI3  concentrations  ranging  from  0  to 
5.4  m.  The  reaction  temperature  was  varied  between  170  and 
230»C. 

Molecular  Weight  Determinations 

Monitoring  the  itw  1  ecu lar  weight  of  tne  product  polymer  as 
a  function  of  extent  of  reaction  showed  that  Mj^  Increased 
throughout  the  course  of  the  feactlon,  suggesting  the  abserce 
of  a  termination  step.  A  typical  molecular  weight  distrlbuv’on 
(determined  ^  SEC)  w^s  essentially  uni-modal  and  broad,  with 
dispersity  (M^^/Mr)  values  ranging  from  2  to  7.  This  contrasts 
the  typically  complex  molecular  weight  distributions  of 
polymers  produced  In  uncatalyzed  polyn.ar1zat10PS  OO)*  4s  the 
8CI3  concentration  was  Increased  from  0  to  1.08  m  at,l90*C  and 
constant  X,  the  polymer  molecular  weight  Increased  reaching  a 
maximum  at  0.16  ni  BCI3  ti.en  decreased  (Figure  1).  This  effect 
can  be  attributed  to  the  variation  of  the  relative  rates  of 
propaqat  on  and  initiation.  As  the  temperature  was  Increased 
from  170  to  230*C  at  constant  concentration  of  reactants 
(0.54  m  BCI3,  X)  tl'S  polymer  molecular  weight  Increased  as 
shown  In  Figure  2.  This  suggests  that  the  activation  energy 
for  propagation  Is  greater  than  that  for  Initiation.  At  very 
high  (BCI3I  (>  5.0  m),  nigh  polymer  did  not  form. 

Rate  Determination 

Plots  of  log  |(NPCl?)3l  vs.  time  were  linear  through  at 
least  one-half  life  at  constant  temperature  and  I8CI3I 
Indicating  first  orde-  behavior  of  the  reaction  under  these 
conditions.  Varying  tne  8CI3  concentration  caused  the  observed 
rate  constant  kobs  vary  as  shown  In  Figure  3.  The  rate  of 
polymerization  decreased  dramatically  when  BCI3  was  removed 
from  the  system  In  mid-reaction.  These  observatkns  suggest  a 
complex  rate  constant  Incorporating  a  prc-equM Ibr lum  step. 

The  effect  of  temperature  on  the  observed  rate  constant  Is 
Illustrated  In  Figure  4.  From  these  data  It  was  possible  to 
determine  the  rate  constants  for  propagation  and  the  values  of 
the  pre-equilibrium  constant  for  propagation  at  temperatures 
from  170  to  230*C  (Table  1).  „ 

The  thermcilynamlc  parameters  for  the  propagation  reaction 
and  for  the  formation  of  the  catalytlcal ly  active  species  were 
determined  by  analyzing  the  temperature  dependence  of  k3  and 
resoectl vely.  The  activation  energy  for  propagation 
determined  In  this  manner  Is  36  kcal/mole  and  the  heat  of 
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FIGURE  1.  Dependence  of  the  Inherent  viscosity  of  III  on 
(6CI3I.  Polymerisation  at  190*C  and  (I)o  •  0.54  m,  carried  to 
60  percent  conversion. 


FIGURE  2.  Dependence  of  the  Inherent  viscosity  of  III  on 
polymerization  temperature  at  IBCI3I  »  (II^  •  0.54  m. 
Polymerizations  carried  to  60  percent  conversion. 
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FIGURE  3.  Dependence  of  the  observed  rate  constant  on  (BCI3I 
at  170»C  and  (IIq  »  0.54  m 


formation  of  the  catalytically  active  species  Is  -28  kcal/mole. 
As  the  8CI1  concentration  was  Increased  above  0.50  m  at  170°C, 
the  overall  reaction  rate  decreased  sharply  to  a  minimum  at 
about  0.60  m,  then  slowly  increasjed.  This  behavior  coincided 
with  a  decrease  In  the  production  of  high  polymer,  indicating 
Inhibition  of  propagation  by  conclentratlons  of  BCI3  consistent 
with  the  findings  of  Horn  et  a1.  (U).  This  inhibition  is 
attributed  to  the  formation  of  anj  acid-based  adduct  between 
BCI3  and  I_  which  is  deactivated  to  propagation. 

I 

Catalysis  Mechanism  i 

The  proposed  reaction  mecharism  Is  Illustrated  in 
Figure  5.  Evidence  for  the  equilibrium  Kp  includes  the  depend¬ 
ence  of  the  reaction  rate  on  the  8CI3  concentration  and  the 
reversibility  of  the  reaction  when  BCI3  Is  removed  from  the 
system.  This  behavior  was  consistent  over  the  entire  tempera¬ 
ture  range  studied.  The  nature  of  the  interaction  between  3CI3 
and  the  growing  chain  end  is  speculative.  The  proposal  is 
based  on  the  known  chemistry  of  BCI3  and  in  particular  the 

compounds  prepared  by  Moran  (il)j  (C1(C12PN)3PC153PC16  and 

C1(CJ2PN)3PC1^BC1?.  The  proposecjl  formation  of  the  BCl3:X 
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FIGL!ft£  4.  The  affect  of  temperature  on  observed  rate  constant. 


TABLE  I 

TEMPERATURE  DEPENDENCE  OF  THE  RATE  CONSTANT  k-}  AND  THE 
EQUILIBRIUM  CONSTANT  <?  FOR  PROPAGATION 


Temperature,  °C 

k3,  hr-1 

K^,  kg  sol'n/mol 

170 

6.56  X  10-3 

33.0 

190 

3.69  X  10-2 

5.3 

210 

1.61  X  lO-l 

2.2 

230 

8.12  X  lO-l 

0.68 
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BCI3  ♦  1  BCl3!j 

il) 

ci2e-iNPci2)rN*PCJ2*ci'  ♦  1  —  -«pa2)5-fi-pa2*cr 

<803)11 

<2 

-<NPa2)2-N-Pa2*Baa'  ♦  1  — *  •<NPa2)5*N*P02*BCl4* 

FIGURE  5.  Proposed  reaction  mechanism  for  the  BCI3  catalyzed 
polymerization  of  I. 


adduct  in  the  initiation  step  is  necessary  to  explain  the 
Inhibition  of  propagation  by  high  concentrations  of  BCI3.  The 
formation  of  such  an  adduct  is  supported  both  by  precedent  (the 
well  known  BX3-amine  adducts)  and  by  Horn's  ^^p  NMR  observa¬ 
tions  of  derivatives  of  I  in  the  presence  of  BCI3  (13).  Given 
the  high  electron  affinity  of  BCI3  and  the  fact  that  I  is  the 
strongest  base  in  the  system,  the  association  seems  inevitable. 
The  absence  of  a  termination  step  is  indicated  by  the  polymer 
molecular  weight  dependence  on  conversion. 

Ongoing  research  is  directed  at  positive  identification  of 
the  polymer  end  groups  aiid  further  enhancement  of  the 
reactivity  of  the  growing  chain  end. 
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APPLICATIONS  OF  HIGH  PERFORMANCE  LIQUID  CHROMATOGRAPHY  FOR 
RUBBER  ANALYSIS 


DAVID  A.  DUNN 

Polymer  Research  Division,  U.S.  Army  Materials  and  Mechanics 
Research  Center,  Watertown,  Massachusetts  02172 


High  performance  liquid  chromatography  (HPLC)  methods  have 
been  developed  for  the  solution  characterization  of  elastomers. 
The  relative  molecular  weight  (MW)  and  molecular  weight 
distribution  (MWD)  of  uncured  natural  and  synthetic  elastomers 
have  been  determined  using  size  exclusion  chromatography  (SEC). 
Application  of  this  method  for  a  series  of  synthetic  elastomers 
showed  differences  in  the  respective  MW  values.  Two  samples  of 
the  same  material,  obtained  on  different  dates,  showed  signifi¬ 
cant  differences.  Natural  rubber  (guayule)  samples  were  also 
analyzed  by  SEC.  These  samples  were  obtained  over  a  4-month 
period  and  the  MW  values  determined  show  the  difference  between 
the  samples.  SEC  is  a  valuable  technique  for  determining  the 
relative  MW  values  of  elastomers.  Methods  are  being  developed 
for  the  analysis  of  additives  in  extracts  of  uncured  and  cured 
compounded  rubber  samples.  UV  and  fluorescence  detectors  are 
being  used  in  this  work. 


305 


ANALYSIS  OF  CARBON  BLACK  FILLED  CUSTOMERS  BY  FT-IR 


JAMES  M.  SLOAN.  HARRY  HART,  AND  MICHAEL  J.  MAGLIOCHETTI 
Polymer  Research  Division,  U.  S.  Army  Materials  Technology 
Center,  Watertown,  Massachusetts  02172-0001 


INTRODUCTION 


The  rubber  industry  is  a  major  user  of  infrared 
spectroscopy  (1,  2).  Many  problems  associated  with  rubber 
samples  can  be  solved  by  using  this  technique.  The  most  fre¬ 
quently  used  analyses  required  are  the  identification  of  the 
base  elastomers,  identification  of  Inorganic  fillers,  and  the 
quantitation  of  individual  elastomers  in  elastomer  blend 
compounds. 

Interactable  materials,  such  as  cured  rubber  compounds 
filled  with  carbon  black  present  a  difficult  problem  for  infra¬ 
red  spectroscopists.  The  carbon  black  acts  as  light  sinks 
toward  the  IR  radiation  with  little  or  no  radiation  reaching 
the  detector.  Many  sampling  methods  have  been  devised  to 
overcome  this  difficulty,  such  as  microtomed  thin  slices 
(3,  4),  attenuated  total  reflectance  employing  Ge  as  the 
reflectance  crystal,  grinding  (5),  and  pyrolysis  (6). 

In  this  work,  the  methods  of  analysis  of  elastomeric 
materials  used  in  the  track  pad  materials  are  presented.  This 
work  has  been  limited  to  natural,  butadiene,  and  styrene- 
butadiene  elastomers,  and  their  respective  di  and  triblends. 
These  blends  are  the  primary  rubber  compounds  used  in  track 
pads  to  date.  We  have  used  pyrolysis  as  the  sampling  technique 
and  used  a  curvefit  software  routine  (7,  8)  to  yield  a  best  fit 
between  the  known  individual  IR  spectra  to  that  of  the  unknown 
blend  spectra.  In  addition,  data  derived  from  ATR  and  grinding 
into  a  KBr  matrix  are  presented. 


EXPERIMENTAL 


The  materials  used  in  this  study  were  either  laboratory 
compounds  provided  by  FT  Bel  voir  R&O  Center  or  Red  River  Army 
Depot  (RRAO),  known  samples  from  commercial  sources,  or  pro¬ 
duction  samples  provided  by  the  Tank  Automotive  Coimnand  (TACOM 
or  RRAO).  Production  smap^as  were  purchased  by  the  Army  under 
contract  to  private  industry. 

Pyrolysis  of  rubber  compounds  were  carried  out  in  a  Wilks 
Model  40  Pyro-Chem  pyrolysis  accessory.  Rubber  samples  were 
extracted  in  acetone  before  introduction  into  the  accessory. 
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The  accessory  was  then  purged  with  dry  nitrogen  gas  prior  to 
pyrolysis,  to  inhibit  oxidation  of  the  resulting  pyrolyzate. 

The  pyrolysis  temperature  was  set  at  450‘‘C  for  45  seconds.  The 
pyrolyzate  was  deposited  on  a  KBr  salt  plate  which  replaced  the 
normally  used  Krs-5  internal  reflectances  crystal  in  the  acces¬ 
sory.  This  was  done  to  obtain  direct  transmission  measure¬ 
ments,  which  allow  more  accurate  quantitative  IR  spectra  to  be 
obtained.  Figure  1  shows  a  schematic  drawing  of  this  acces¬ 
sory,  a  Harrick  Model  4X-T8C-VA  ATR  accessory.  The  internal 
reflectance  element  (IRE)  was  a  rhomohedral-'.haped  germanium 
crystal  with  dimensions  of  50  mm  x  3  mm  x  2  mm.  Figure  2  shows 
the  schematic  drawing  of  this  accessory. 


PDXBORO  ANALYTICAL  PYRO-CHEM  PYROLYSIS  UNIT 
FIGURE  1.  Schematic  diagram  of  the  pyrolysis  chamber  used. 
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•  rafradlve  Index  of  germanium 
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6  •  angle  of  Incidence  of  radiation 
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FIGURE  2.  Schematic  diagram  of  the  internal  reflectance 
accessory. 


RESULTS  AND  DISCUSSION 

Figure  3  shows  the  spectra  of  the  three  most  commonly  used 
elastomers  for  track  pad  applications.  Using  these  spectra  as 
references,  the  type  of  base  elastomer  can  be  determined. 


Figure  4  demonstrates  the  use  of  a  curvefit  software 
routine  to  allow  qualitative  analysis  of  blends  to  be  obtained. 
Each  of  the  three  IR  pyrolyzates  are  known  di  or  triblends. 

The  printout  from  this  curvefit  analysis  is  shown  next  to  their 
respective  IR  spectra.  Table  1  gives  a  comparison  between 
known  blend  compounds  and  the  curvefit  values  obtained. 
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FIGURE  3.  Pyrolysis  spectra  of  three  standard  elastomers; 
natural  rubber,  butadiene  rubber,  and  stryrene-butadiene 
rubber. 
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FIGURE  4.  Typical  curveflt  analysis  for  three  elaslrmer  blends 
compounds.  Each  compound  spectrum  has  the  corresponding 
curvefit  printout  next  to  it  with  the  relative  percentages  of 
individual  elastomer. 
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TABLE  1 


COMPARISON  OF  UNKNOWN  AND  KNOWN  8LEN0  COMPOSITIONS  USING  CURVE- 


FIT  ANALYSIS  OF  PYROLYSIS  SPECTRA 

SAMPLE  ID  CURVEFIT  VALUES 

KNOWN  VALUES 

SBR 

59 

SBR 

60 

TR 

96 

BR 

41 

BR 

jo' 

SBR 

71.5 

SBR 

70 

TR 

21 

BR 

28.5 

BR 

30 

SBR 

98.6 

SBR 

100 

TR 

40 

8R 

1.4 

SBR 

78.6 

SBR 

80 

TR 

76 

BR 

21.4 

BR 

20 

SBR 

60 

SBR 

60 

TR 

127 

NR 

40 

NR 

40 

SBR 

2.1 

SBR 

0 

TR 

44 

NR 

58 

NR 

100 

SBR 

42 

SBR 

35 

BR 

27 

BR 

30 

TR 

113 

NR 

31 

NR 

35 

The  results  1n  Table  1  suggest  that  the  accuracy  for  di¬ 
blend  compounds  in  between  r3  percent,.  While  the  accuracy  for 
triblend  compounds  Is  much  worse,  somewhere  around  rlO  percent. 


ATR, 

Figure  5  shows  the  I,R-ATR  spectra  of  the  three  most 
commonly  used  elastomers  for  track  pad  applications.  These  are 
used  as  reference  spectra  'or  identification  of  base  elasto¬ 
mers.  This  sampling  technique,  samples  the  only  surface  of  the 
elastomer  (between  0.?5  mm  -  2.5  mm)  depending  on  the 
wavelength  of  the  IR  beam. 
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FIGURIi  5.  Attpnuated  total  ref Ipctii.-ice  ’ipectra  of  three 
ccrrmonly  used  elastomers  for  track  pad  appl  icatlons . 


Flqure  6  shows  how  this  sampMnq  technique  miqht  be  used 
to  analyze  track  pad  materials.  This  figure  shows  the  surface 
of  the  used  track  pad  (top  spectrum)  compared  to  tte  interior 
portion  of  the,  same  track  pad  (middle  spectrum).  Tne  bottom 
spectrum  Is  a  samole  test  sheet  of  the  samp  compound  shewn  for 
comparison.  The  surface  of  the  rubber  show  all  the  same  IR 
bands  except  that  sever,!  1  new  bands  can  be  seen  between 


1000  cm-1  -  1200  cm  '1.  The  bands  are  not  due  to  the 
deterioration  but  are  in  fact  due  to  the  presence  of  si'iica, 
which  probably  has  been  imbedded  into  the  track  pad  rrom  field 
use. 


TWCC  fAD  IMia 

FIGURE  6.  ATR  spectra  of  deteriorated  M-1  track  pad. 


Grinding  in  KBr  Matrix 

Figure  7  shows  the  determination  of  the  same  M-l  tank 
track  pad  as  in  the  previous  figure.  The  top  spectrum  shows 
the  surface  of  the  same  track  pad.  The  degraded  surface  shows 
some  IR  bands  attributed  to  oxidative  degradation.  The 
1720  cm'l  band,  indicative  of  carbonyl  formation,  and  the 
3420  cm'l  indicative  of  hydroxyl  groups  are  examples  of  this. 
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FIGURE  7.  KBr  pellet  IR  spectra  of  degraded  M-1  tank  track 
pad. 


CONCLUSION 


Various  sampling  techniques  have  been  employed  to  study  M- 
1  tank  track  pad  materials.  Each  technique  yields  different 
Information  about  the  Individual  track  pad  compound.  Pyrolysis 
yields  Information  on  the  identification  of  the  base  elastomer 
as  well  as  quantitation  on  the  respective  amounts  of  Individual 
elastomers  In  blend  compounds.  ATR-Ge  revnals  information  on 
the  structure  of  the  elastomer  at  the  surface  of  the  rubber 
compound.  Effects  such  as  degradation  and  imbedded  particles 
from  service  can  be  detected  by  this  method.  Finally,  grinding 
the  sample  Into  a  KBr  matrix  reveals  information  on  the 
structure  of  the  polymer  without  destroying  the  polymer 
backbone  as  with  the  pyrolysis  technique. 
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CHARACTERIZATION  OT  ELASTOMERS  FOR  ARMY  APPLICATIONS  BY  THERMAL 
ANALYSIS 


DOMENIC  P.  MACAIONE,  ROPCRT  £.  SACHER,  ROBERT  E.  SINGLER,  AND 
WALTER  X.  ZUKAS 

U.  S.  Army  Materials  ar  i  Mechanics  Research  Center,  Watertown, 
Massachusetts’  02172-00'.'! 


ABSTRACT 

Thermal  methods  of  analysis  measure  the  change  In  some 
physical  or  chemical  property  as  a  function  of  temperature. 
Modern  thermal  analysis  techniques  have  proven  extremely  useful 
In  the  compositional  analysis  of  the  complex  mixtures  we  refer 
to  as  rubbers. 

Thermal  analysis.  In  Its  varlou-:  forms,  has  provided 
valuable  Insight  Into  the  analysis  of  rubber  materials.  Of  the 
several  thermal  analysis  techniques  available  this  presentation 
Is  concerned  witn  the  followlngi 

•  Thermogravimetric  Analys1s--TGA. .  Measures  mass  loss  of 
sample  as  a  function  of  temperature. 

•  Differential  Thermograv1metry--0TG.  Measures  rate  of 
sample  mass  loss. 

•  Differential  Scanning  Ca1or1metry--0SC.  Measures 
energy  or  thermal  difference. 

•  Thermomechanical  Analysis— TMA.  Measures  dimensional 
changes. 

•  Dynamic  Mechanical  Analysis — DMA.  Measures  modulus  or 
loss  tangent. 


THERMOGRAVIMETRIC  ANALYSIS  AND  DIFFERENTIAL  THERMOGRAVIMETRY 


Figure  1  shows  the  classical  thermogravimetric  analy¬ 
sis/differential  thermograv  metry  curve  obtained  upon  analysis 
of  an  elastomer  In  nitrogen  atmosphere  from  ambient  temperature 
to  600"C  followed  by  a  change  to  air  atmosphere  from  600  to 
950'’G.  The  corresponding  OTG  curve  Indicates  the  temperature 
at  which  maximum  weight  loss  occurs  and  the  OTG  maximum  for  the 
elastomer  component  has  been  found  to  oe  characteristic  of  the 
elastomer.  Figure  2  shows  similar  curves  for  mono,  d1,  and 
triblend  elastomer  compositions.  One  misconception,  as  shown 
In  the  figure,  is  the  Inaoility  of  the  OTG  data  to  distinguish 
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FIGURE  1.  Themiograviinetric  analysis  of_a  styrene-butadiene 
(SBR)  rubber  vulcanizate  showing  weight  losses  for  organic, 
carbon  black,  and  inorganic  components, 

between  SBR  and  8R  when  both  elastomers  are  present  in  a  formu¬ 
lation. 

Tables  1  and  2  show  the  formulations  for  a  natural  rubber 
and  a  synthetic  rubber  composition  followed  by  the  results  of 
thermal  analysis  for  the  three  main  portions  of  the  composi¬ 
tion.  These  data  Indicate  that  a  reasonably  accurate  thermo- 
gravimetric  analysis  of  elastomer  compositions  is  possible. 


DIFFERENTIAL  SCANNING  CALORIMETRY 

Figure  3  shows  a  wide  spectrum  DSC  curve  over  the  temper¬ 
ature  range— lOO'C  to  greater  than  6G0’’C  (D.  W.  Brazier,  NBS 
Publication  #580,  pg.  72,  1979),  Indicating  the  typical  transi 
tions  observable  by  DSC.  Unlike  TGA,  the  DSC  mode  can  distin¬ 
guish  cured  and  uncured  elastomer  compositions. 
sulfur  cures  exhibit  a  broad  exotherm  in  the  150  to  220'’C 
region.  Figures  4  and  5  show  the  DSC  results  for  uncured  and 
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FIGURE  2.  Thermogravimetric  analysis  (TC^i-OrG)  curves  for 
three  elastomer  compositions. 


FIGURE  2,  Thermogravl metric  analysis  (TGA-DTG)  curves  for 
three  elastomer  compositions  (continued). 


cured  TR-40,  respectively,  an  accelerated  sulfur  cure  SBR 
elastomer  composition. 


THERMOMECHANICAL  AND  DYNAMIC  MECHANICAL  ANALYSIS 

Thermomechanical  and  dynamic  mechanical  analysis 
techniques  are  useful  for  identifying  elastomers  by  glass 
transition  temperature  (Tg).  ' 
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TABLE  1 


NATURAL  RUBBER  COMPOSITION  AND  THERMAL  ANALYSIS 
TR-41 

15NAT2B  (UNCURED) 


PARTS 

% 

NATURAL  RUBBER 

100.0* 

63.37 

ZINC  OXIDE 

4.0^ 

2.53 

STEARIC  AC!D 

2.0* 

1.27 

CARBON  CLACK 

45.0» 

28.52 

ANTirxiDANT 

0.5‘ 

0.32 

ANV1020NANT 

3.0* 

1.90 

SULFUR 

2.5* 

1.58 

ACCELERATOR 

0.8* 

0.51 

157.8 

100.00 

COMPONENT 

CALCULATED 

FOUND 

•POLYMER,  ORGANICS, 
VOLATILES 

68.95 

68.00 

^ASH 

2,53 

3.17 

♦carbon  black 

28,52 

27.93 

The  following  tabulation  lists  the  Tg  values  for  the  three 
elastomers  found  in  formulations  of  interest  to  this  presenta¬ 
tion,  both  in  the  uncured  and  cured  states. 

Glass  Transition  Temperature  (Tg)'’C 


Rubber _  Uncured  Cured 


Natural  (NR)  -60  -56 
cis-Polybutadiene  (BR)  -105  -95 
Styrene-Butadiene  (SBR)  -49  -47 


Uncured  diblends  and  triblends  exhibit  more  than  one 
transition  by  DMA  and  a  single  transition  by  TMA.  In  diblends 
of  SBR  and  BR,  the  Tg  of  the  blend  lies  somewhei^e  between  the 
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TABLE  2 


SYNTHETIC  RUBBER  COMPOSITION  AND  THERMAL  ANALYSIS 


15SBR2S 

TR-40 

(UNCURED) 

PARTS 

% 

SBR 

100.0* 

62.35 

ZINC  OXIDE 

4,0* 

2.49 

STEARIC  ACID 

2.0* 

1.24 

CARSON  BLACK 

45.0^ 

28.05 

Antioxidant 

0.5* 

0.31 

ANTIOZONANT 

3.0* 

1.87 

SULFUR 

0.75* 

0.46 

ACCELERATOR 

4,625* 

2.88 

WHITING 

0.5* 

0.31 

160.38 

99.96 

COMPONENT 

CALCUUTED 

FOUND 

•POLYMER,  ORGANICS,  69,24 
VOLATILES 

69.28 

*ASH 

2.80 

2.20 

*  CARBON  BUCK 

28,05 

28.55 

Tg  values  of  the  Individual  elastomers  and  will  shift  with 
changes  in  composition.  Cured  samples  exhibit  one  transition 
by  either  TMA  or  DMA.  Typical  data  to  illustrate  the  response 
of  uncured  and  cured  compositions  to  TMA  and  DMA  experiments  is 
given  next. 
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Glass  Transition  Temperatur3  (Tg)*C 


TR# 

Composition 

TMA 

DMA* 

111 

SBR-BR,  uncured 

-57 

GO 

t 

00 

1 

112 

SBR-BR,  cured 

-59 

-59 

113 

SBR-BR-NR,  uncured 

-64 

-49,-98 

114 

SBR-BR-NR,  cured 

-59 

-59 

♦"Constant  Oscillation  Amplitude  Procedure. 

Oscillating  Disk  Rheometry  (OOR)  Is  another  dynamic 
mechanical  method  applied  to  elastomers.  It  monitors  that  por¬ 
tion  of  the  DSC  curve  under  "Vulcanization"  (In  Figure  3)  and 
yields  data  on  minimum  torque,  scorch  time,  cure  time,  and  max¬ 
imum  torque.  As  part  of  one  segment  of  the  elastomer  program, 
ODR  and  DSC  were  applied  to  two  MIL-T-11891  rubber  compounds. 
Figure  6  shows  a  standard  OOR  reference  curve,  Table  3  Is  the 
actual  Tormulatlon  of  the  rubber  compounds  used  In  the  experi¬ 
ment,  In  accord  with  the  specification,  and  Figure  7  shows  the 
actual  OOR  curve  obtained  In  the  laboratory. 

Figure  8  shows  the  results  of  Isothermal  curing  of  the 
rubber  at  the  Indicated  temperatures.  The  vulcanization 
reaction  1  observed  as  an  exothermic  reaction  or  downward 
fluctuation  In  the  DSC  trace.  To  Improve  the  accuracy  of  the 
heat  evolution  vs.  time  trace,  a  second  dynamic  DSC  method  was 
employed.  A  sample  of  uncured  elastomer  was  rapidly  heated  at 
an  isothermal  cure  temperature  for  a  predetermined  time, 
corresponding  to  a  point  on  the  OOR  curve,  and  then  quenched. 
The  sample  was  then  put  through  the  dynamic  DSC  program  to 
determine  the  degree  of  cure.  Figure  9  shows  the  results  of 
this  Investigation,  and  Indicates  that  at  T  max  either  the 
material  Is  not  fully  cured  or  that  some  reversion  has 
occurred.  Table  4  presents  the  corresponding  Inverse  peak 
minima  and  thermal  values.  This  aspect  of  the  Investigation  Is 
In  the  Initial  stages  of  organization  and  will  be  expanded  In 
the  future. 


CONCLUSIONS 

•  Classical  thermal  analysis  techrlques  give  rapid 
results. 

«  Each  technique  contributes  to  the  overall  Information 
available  from  each  sample. 
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•  Accuracy  and  precision  are  sufficient  to  justify 
routine  use  of  the  technique. 

•  Thermal  analysis  data  will  facilitate  analyses  by  other 
analytical  methods. 


FIGURE  6.  Rheometer  reference  curve. 
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TABLE  3 

FORMULATION  OF  RUBBER 

COMPOUNDS 

fllL-T-1189I 

TS 

ACK 

BLOCKS  AND  PADS 

RUBBER  COnPOUNDS 

tlATERIAli 

PARTS  PER  HUNDRED  RUBBER-PHB 

GROUND  SIDE 

MELiUlE 

STYREKE-BUTADIENE  SBR'1500 

35 

60 

POLYBUTADIENE  TAKTENE*220 

30 

NO 

NATURAL  RUBBER  SnR*20 

35 

0 

N220  CARBON  BLACK  . 

65 

65 

ilNC  OXIDE 

3 

3 

STEARIC  ACID 

1.50 

1.50 

SUNOLITE  100  •  HYDROCARBON 

MAX 

1.50 

1.50 

SANTOFLEX  13  -  ANTIDE6RA0AN 

T 

3 

3 

FLECTOL  FLAKES  -  ANTIDEGRAC 

ANT 

2 

2 

SUNDEX  790  *  HIGH  AROHATIC 

OIL 

R 

R 

SULFUR 

1.3 

1.3 

DIBS  SULFENAMIDE  ACCELERATO 

R 

3.2 

3.2 

SANT06ARD  PVi 

,  0.2,,. 

-Jill, 

1SR.70 

18tl.70 

TABLE  4 


UNCURED  ELASTOMER  INVERSE  PEAK  MINIMA  AND  THERMAL  VALUES 
15TP-14AX 


min.  peak, 

AH,  J/gm 
(#  of  samples) 

To 

184.5 

17.4  i  5.9(7) 

Ts 

168.4 

8.0  +  1.4(4) 

TlO 

167.7 

5.5  i  0.2(2) 

Tmid 

184.8 

3.5  ±  0.5(4) 

T90 

191.4 

1.4(1) 

Tmax 

196.9 

0.7(1) 

i 


FAST  ATOM  BOMBARDMENT— MASS  SPECTROMETRY  OF  ELASTOMER  ADDITIVES 
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U.S.  Antiy  Materials  and  Mechanics  Research  Center,  Watertown, 
Massachusetts  02172 


ABSTRACT 

Fast  Atom  Bombardment  (FAB)  is  a  special i2ed  mass 
spectrometry  ioni2ation  technique  particularly  well  suited  for 
organic  molecules  which  do  not  yield  sufficiently  stable  mass 
spectra  under  electron  ioni2ation  conditions.  While  this  tech¬ 
nique  has  been  used  with  increasing  success  in  biochemical  and 
pharmaceutical  applications,  its  adaptability  and  application 
in  the  characteri2ation  of  conventional  vulcani2ed  elastomer 
systems  has  just  begun.  The  efforts  presented  in  this  research 
address  the  development  of  new  FAB  matrices  which  permit  the 
direct  analysis  of  mixtures  of  elastomer  additives  without 
chromatographic  separation.  Primary  emphasis  in  this  work  is 
directed  toward  characterl2ation  of  the  new  M-1  Abrams  T-156 
elastomer  triblend  systems  using  fast  atom  bombardment  ion- 
i2ation  techniques  with  both  low  and  high  resolution  mass 
spectrometry. 


INTRODUCTION 

The  complex  nature  of  vulcani2ed  elastomers  presents  a 
significant  challenge  for  any  singular  analytical  technique. 
Whi’a  pyrolysis-gas  chromatography-mass  spectrometry  has  been 
shot n  to  be  a  viable  approach  to  selectively  separating  and 
identifying  the  individual  components  of  an  elastomer  system, 
it  involves  a  chromatographic  separation  of  a  pyroly2ate  (1). 
This  separation  cannot  only  be  time  consuming,  but  thermally 
labile  materials  may  not  survive  introduction  to  the  mass  spec¬ 
trometer  via  pyrolysis,  thereby  invalidating  a  portion  of  the 
characteri2ation  process. 

Recent  developments  in  ioni2ation  techniques,  such  as  FAB, 
hav'.,  shown  promise  as  a  means  of  elucidating  structural  infor¬ 
mat'  'n  by  producing  both  positive  and  negative  molecular  ionic 
species  of  intractable  polar  materials  (2,3).  FAB  is  generally 
accepted  as  a  "soft  ioni2a,tion"  process,  facilitating  adduct 
formation  of  protons,  metal  cations,  or  matrix  ions  to  the 
molecule  of  interest  (4).  The  resulting  adduct  ion  most  com¬ 
monly  formed  is  a  positively  charged  protonated  molecular  ion 
(M+1). 
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The  resulting  molecular  ion  information  attained  by  FAB 
ionization  may  not  be  possible  under  normal  electron  ionization 
conditions  for  two  reasons.  First,  the  heat  involved  in  El  can 
pose  a  problem  for  thermally  labile  samples.  Heat  is  evolved 
from  the  solid  probe  for  sample  vaporization,  the  gas  chromato¬ 
graph  for  vaporization  and  separation  of  components,  and  the 
heated  ion  source  itself.  This  may  act  to  decompose  the  sam¬ 
ple,  thus,  no  molecular  ion  information  is  obtained.  Secondly, 
the  energy  imparted  on  the  sample  by  the  electron  beam  may  act 
to  decompose  the  sample  during  ionization.  The  resulting 
spectra  may  be  predominantly  low  mass,  ions  with  no 
characteristic  molecular  information. 

FAB  ionization  is  unique  in  that  it  produces  a  long 
lasting  mass  spectrum,  in  the  order  of  minutes.  Conventional 
solid  probe  techniques  rely  on  the  volitility  of  the  sample  at 
a  given  temperature.  As  the  probe  tip  is  heated,  the  sample  is 
vaporized  into  the  ion  source.  The  time  frame  of  vaporization 
and  ionization  can  be  short,  in  the  order  of  seconds,  making 
various  high  resolution  or  metastable  experiments  for  struc¬ 
tural  elucidation  of  molecules  difficult  (5).  Gas 
chromatography-mass  spectrometry  has  the  same  basic  flaw  of 
short  durations  of  compounds  eluting  from  the  column. 

The  Ibng  duration  of  FAB  experiments  is  attributable  to 
three  basic  factors.  First,  the  sample  is  dissolved  in  a  high 
viscosity  low  vapor  pressure  liquid  matrix  that  can  withstand 
the  high  vacuum  of  the  mass  spectrometer  ion  source.  The 
liquid  acts  to  replenish  sample  to  the  area  of  ionization  by 
the  beam  of  atoms.  In  this  way  the  sample  is  not  depleted  as 
in  some  other  ionization  techniques.  Secondly,  the  mass 
spectrometer  source  and  inlet  system  are  maintained  at  ambient 
temperature  to  decrease  sample /matrix  vaporization  rate.  Addi¬ 
tionally,  the  potential  of  producing  intact  molecular  ions  of 
thermally  labile  samples  is  enhanced.  Thirdly,  the  neutral 
beam  of  xenon  atoms,  produced  by  the  FAB  gun,  impacts  on  the 
sample/matrix  target  .ind  displaces  a  relatively  small  portion 
of  the  sample  (1,2).  These  factors  allow  for  the  production  of 
a  continuous  mass  spectrum  of  sample  and  matrix. 

FAB  has  been  used  to  some  extent  to  evaluate  additives  in 
vulcanized  and  unvulcanized  elastomers  systems  (6).  The  focus 
of  efforts  presented  here  is  a  preliminary  evaluation  of  FAB 
ionization  mass  spectrometry  as  a  viable  approach  to  direct 
mixture  analysis  of  the  T-156  triblend  vulcanized  elastomer 
system.  The  novel  approach  to  this  type  of  study  involves  the 
selection,  evaluation,  and  optimization  of  a  number  of  matrix 
components  both  singularly  and  in  comhinution  (7,8).  The  final 
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result  is  a  composite  mass  spectrum  qualitatively  characteris¬ 
tics  of  the  additives  in  the  elastomers  under  investigation  at 
this  research  center. 


EXPERIMENTAL 

All  FAB  spectra  were  obtained  using  a  Finnigan/MAT  model 
8230  mass  spectrometer  system  equipped  with  a"  Ion  Tech  Ltd. 
model  FABllNF  gun.  Mass  spectral  acquisition  and  subsequent 
analysis  was  performed  on  a  POP  11/34  computer  operating  under 
RSX-llM  and  SSX-300  software.  Fast  atom  bombardment  was  accom¬ 
plished  using  xenon  atoms  accelerated  by  an  8  KV  potential  in 
the  FAB  gun.  A  mass  range  of  60  to  1,000  AMU  was  scanned  at  5 
seconds/decade. 

A  series  of  elastomer  additives  which  represent  the  known 
formulation  of  the  T-156  triblend  reference  system  (MIL-T- 
11891C)  was  selected  for  initial  evaluation  of  the  matrix 
selection.  Samples  of  the  respective  additives  were  weighed 
and  dissolved  in  spectroqual ity  grade  methylene  chloride  (DCM) 
to  which  an  equal  volume  of  experimental  matrix  was  added.  The 
DCM  was  evaporated  using  a  stream  of  nitrogen,  resulting  in  a 
sample-matrix  solution.  Approximately  one  microliter  of  the 
sample-matrix  combination  was  applied  to  the  FAB  target  probe 
tip.  Subsequently,  the  target  was  placed  in  the  ion  source  and 
the  sample  was  ionized  via  the  atom  beam  and  mass  analyzed. 


RESULTS  AND  DISCUSSION 


The  additives  evaluated  and  the  results  obtained  from  the 
matrix  evaluation  appear  in  Table  1.  Nitrophenyl -octyl  ether 
(NPOE)  appears  to  be  the  most  suitable  of  the  matrices  eval¬ 
uated.  Although  glycerol  and  oleic  acid  show  good  results  in 
most  Instances,  NPOE  exhibits  a  greater  versatility  for  a  broad 
range  of  additives  which  have  dissimilar  structures. 

The  FAB  ionization  procedure  is  relatively  simple  to 
perform.  However,  parameter  optimization  and  data  interpreta¬ 
tion  of  the  resulting  FAB  spectra  can  be  complex.  Matrix 
selection  for  additive  analysis  is  crucial.  Solubility  of  the 
additives  in  the  matrix  is  essential  for  proouction  of  viable 
spectra. 

The  least  successful  experiments  were  encountered  with  the 
thiuram  class  of  accelerators.  Tetramethylthiuram  disulfide 
demonstrated  marginal  solubility  in  all  matrices  resulting  in 
low  intensity  molecular  ion  species. 
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TABLE  1 

MATRIX  EVALUATION 

,  EVALUATED 

ADDITIVE.. 

POLYHERTZED  2,2,A-TRinETHYL-l,2- 

DIHYDROflUIHOLlME  (AMTIOXIDAMT)  ♦  ♦  ♦ 

R-(CYCL0HEXYLTH10)PHTHALIHIDE 

(RETARDER)  0  ♦  ♦ 

«-(l,3-DinETHYLBUTYL)H-PHERYL-P- 

PHEHYLERE  DIAWIHE  (AHTIOZOKART)  ♦  ♦  ♦  ' 

TETRAHETHYLTHIURAH  DISULFIDE 

(THIURAH  ULTRA  ACCELERATOR)  -  -  o 

M-OXYDIETHYLEHE  BERZOTHIAZOLE-2- 

SULFEHAHIDE  (ACCELERATOR)  ♦  ♦  ♦ 

2-nERCAPTO  BERZOTHIAZOLE 

(ACCELERATOR)  *  *  * 

l,ll-DlIS0PR0PYL-2-BERZ0THIAZYL- 

SULFENAniDE  (ACCELERATOR)  -  ♦  ♦ 

■H>INTEMSE  nOLECULAR  ION 
o-MEAK  nOLECUUR  ION 
—NO  SPECTRUn  OBTAINABLE 

The  ability  to  identify  individual  components  from  a 
mixture  using  FAB  ionization  was  experimentally  evaluated  by 
preparing  a  mixture  of  polymerized  2, 2, 4-trimethyl-l, 2-dihydro 
quinoline  (antioxidant),  N-(cyclohexylthio)  phthalimde 
(retarder),  and  N-oxydiethylene-benzothiazole-2-sulfenamide 
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(accelerator)  In  NPOE  matrix.  Figure  1  shows  the  FAB 
fragmentation  of  the  NPOE  matrix.  The  molecular  Ion  of  252  m/z 
represents  the  protonated  species  of  the  actual  molecular  Ion 
251  m/z.  Significant  fragmentation  clusters  are  found  at 
m/z  235,  140,  123,  and  111.  While  they  are  characteristic  of 
the  matrix  spectrum,  they  can  in  fact  interfere  in  identifying 
the  presence  of  important  additive  sample  ions.  This  is 
clearly  evident  in  the  additive  mixture  and  NPOE  FAB  analysis 
shown  in  Figure  2  where  the  matrix  ions  dominate.  By  subtract¬ 
ing  a  standard  intensity  reference  spectrum  of  the  NPOE  matrix, 
however,  the  diagnostic  ions  indicative  of  the  additives  become 
apparent  as  shown  in  Figure  3.  The  diagnostic  ions  for  each  of 
the  additives  in  Figure  3  are  shown  in  Table  2. 

The  differentiation  of  matrix  ions  from  sample  ions  can  be 
enhanced  further  through  the  use  of  high  resolution  (greater 
than  2,500  resolution)  (9).  Figure  4  represents  a  low  resolu¬ 
tion  (1,000  resolution)  acquisition  of  250-255  amu  range  of 
N-oxydiethylene  benzothiazole-2-su1fenamide  (MW  =  252)  in  NPOE 
(MW  =  251).  The  unresolved  mass  ions  at  m/e  251,  252,  and  253 
can  be  separated  using  a  h'gh  resolution  acquisition  as  shown 
in  Figure  5. 

The  additional  separation  of  ions  afforded  by  higher 
resolution  in  conjunction  with  matrix  ions  for  reference  masses 
makes  accurate  mass  mapping  possible.  The  data  system  can  be 
used  to  reduce  the  information  to  provide  potential  elemental 
composition  of  additive  ions.  This  affords  more  conclusive 
Identification  of  additives. 

CONCLUSION 


The  results  derived  from  the  Fast  Atom  Bombardment 
experiments  presented  here  demonstrate  the  preliminary  applica¬ 
tion  of  analysis  of  additive  mixtures  without  chromatographic 
separation.  While  a  considerable  amount  of  experimentation 
remains  to  be  done  in  matrix-additive  evaluation,  the  technique 
shows  significant  promise  in  enhancing  the  characterization 
techniques  for  complex  rubber  vulcanizates. 
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TABLE  Z 


CHARACTERISTIC  ADDITIVE  IONS  OF  FIGURE  3 


AMIIIYES  aiAfiHQSTK  lDLMTlFlCATlQN  ItltlS 

1.  POLY«ERIZED-2,2.<-TRinETHYL-  w/l  17R,  15S 

1,2‘DIHYDROQUtKOLlNE 

2.  I-(CYCL0HEXYLTHI0)PHTHAL1HIDE  n/X  262,  180 

5.  »-OXY01ETHYl'.JIE  lERZOTHIAZOLE-  n/z  253,  221,  220,  167,  86 

2-SULFEMAflIDE 
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FIGURE  5.  The  high  resolution  FAB  spectrum  separating  isobaric  masses: 

--N-oxydiethylene  benzothidzo1e-2-sulfenaroide,  mass  251.0312,  252.0390,  253.0469 
— Nitrophenyloctyl  ether,  masses  250.1443,  251.1521,  252.1599,  253.1677. 
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RUBBER  DISPERSION  USING  DARK  FIELD  MICROSCOPY 

' 

GUMERSINDO  RODRIGUEZ 

Materials,  Fuels  and  Lubricants  Laboratory,  U.S.  Army  Belvoir 
Research,  Development,  and  Engineering  Center,  Fort  Belvoir, 

Virginia  22060-5608  | 


The  Importance  of  carbon  black  dispersion  to  the  end  use 
performance  and  economical  aspects  of  rubber  compounding  has 
been  well  documented.  Large  Inhomogeneities  In  the  rubber 
matrix  resulting  from  grossly  Incomplete  dispersion  generally 
affect  failure  properties,  such  as  ♦•’nslle  strength,  tear 
strength,  fatigue,  and  abrasion  resistance.  The  ease  of 
attaining  good  dispersion  depends  upon  the  behavior  of  the 
elastomer,  that  of  the  carbon  black  and  other  additives,  the 
mixing  equipment  configuration,  and  the  mixing  operating 
conditions.  To  understand  how  dispersion  affects  physical 
properties  requires  consideration  of  all  th^se  aspects. 

Because  of  this  extreme  dependence  of  final  product  4 

properties  on  the  state  of  filler  dispersion,  several  methods 
for  estimating  this  parameter  have  evolved  over  the  years. 

Studies  on  the  dispersion  process  have  been  primarily  Involved  ' 

In  two  areas.  One  Is  the  direct  examination  of  the  state  of 

dispersion,  which  Is  done  effectively  with  microscopes.  The 

othe*"  Is  the  Indirect  characterization  of  the  progress  of 

dispersion  by  measuring  a  processing  or  vulcanizate  property  of 

the  stock.  The  response  of  the  compound  to  these  tests  relates  , 

to  the  state  of  the  disperse  phase  within  the  polymer. 

Commonly  used  tests  are  viscosity,  tensile  strength,  and 
elongation  at  break,  among  many  others. 

The  system  described  here  makes  use  of  a  dark-field 
microscope,  high  resolution  TV  camera  with  monitor  and  a 
waveform  analyzer.  The  surface  of  the  rubber  Is  displayed  on 
the  TV  monitor  and  Its  video  signal  Is  analyzed  with  a  Data 
6000  waveform  analyzer.  From  the  waveform  analyzer  we  can 
obtain  the  mean  peak  height  measurement  and  the  estimate  of 
standard  deviation  for  a  given  surface  and  trace.  The  mean 
peak  height  produces  a  quantity  associated  with  the  average 
level  of  the  rubber  surface  while  the  standard  deviation  Is  a 
function  of  the  variability  of  that  surface.  Figure  1  shows  a 
sketch  for  dark  field  microscopy. 

A  number  of  rubber  formulations  have  been  evaluated  using  ' 

the  described  technique.  Table  1  summarizes  the  data  obtained 
on  some  rubber  compounds.  Low  mean  peak  height  and  standard 
deviation,  conforms  with  good  dispersion^  the  values  for  the 
glass  surface  serve  as  baseline.  There  Is  a  marked  difference 
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1n  values  between  SBR-1  and  SBR-2,  which  are  Identical 
compounds  except  that  SBR-2  was  mixed  in  an  overloaded  mixer 
condition;  the  same  holds  for  the  natural  rubber  compounds. 

The  results  of  NAT-38  shows  the  effect  of  using  a  larger 
particle  size  carbon  black  in  the  same  polymer  matrix. 

Figure  2  correlates  certain  physical  properties  with  the 
waveform  analysis  results.  The  correlation  is  evident,  gen¬ 
erally  for  lower  tensile  strength,  tear  strength,  and  resis¬ 
tance  to  crack.  The  results  of  the  waveform  analysis,  (peak 
height,  standard  deviation)  are  higher  for  any  given  polymer. 

The  technique  gives  results  which  are  sufficiently  dis¬ 
criminating  to  allow  correlation  of  filler  dispersion  with  some 
physical  properties.  An  additional  advantage  of  the  method  is 
that  the  results  of  the  analysis  caii  be  treated  statistically 
to  develop  a  rating  method  . 


DARK  FIELD  MICROSCOPY 


347 


WAVEFORM  ANALYSIS 
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FIGURE  2,  Correlation  of  physical  properties  with  the  waveform 
analysis  results. 
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MASS  SPECTROMETRY  OF  ELASTOMER  SYSTEMS 


ALFRED  J.  OEOME,  DAVID  A.  BULPETT,  AND  CHRISTOPHER  J.  KULIG 
U.  S.  Army  Materials  and  Mechanics  Research  Center,  Watertown, 
Massachusetts  02172 


ABSTRACT 


Serial  chromatopyrography-mass  spectrometry  Is  presented 
as  a  novel,  rapid,  and  accurate  analytical  technique  for 
deformulatlon  of  complex  vulcanized  elastomer  systems.  The 
technique  has  been  developed  at  the  U.S.  Army  Materials  and 
Mechanics  Research  Center  to  monitor  discreet  alterations  In 
formulations,  to  evaluate  thermal  degradation  mechansisms 
within  the  polymer  matrix,  and  to  evaluate  the  technology  of 
manufacturer  supplied  elastomer  end-items.  This  technique  has 
been  In  development  for  approximately  3  years  with  primary  , 
emphasis  directed  toward  Improvement  of  the  M-1  Abrams  Tank 
T-156  track  pad  elastomer  system.  Results  are  presented  in 
this  paper  for  several  different  vulcanizates  to  demonstrate 
the  versatility  of  the  methodology  and  the  compatibility  of  the 
technique  with  different  polymer  formulations. 


,  INTRODUCTION 

Previous  work  in  the  area  of  pyrolysis-gas  chromatography- 
mass  spectrometry  (1-5)  has  shown  that  this  technique  is  a 
powerful  analytical  tool  well  suited  for  studying  the  complex 
composition  of  Intractable  materials  such  as  vulcanized  elas¬ 
tomers.  An  Interesting  and  particularly  valuable  application 
of  the  many  pyrolysis  techniques  available  is  Serial, 
Chromatopyrography-Mass  Spectrometry  (Ser-Py-GC-MS) .  This 
technique  appears  to  be  very  applicable  to  separating  residual 
vulcanizate  formulation  components  from  polymer  composition 
without  the  need  for  complicated  sample  manipulation  proce¬ 
dures.  Instrumental  techniques  employing  a  combination  of 
serial  pyrolysis  techniques,  high  resolution  capillary  gas 
chromatography,  and  mass  spectrometry  have  been  developed  at 
the  U.S.  Army  Materials  and  Machanics  Research  Center  in  colla¬ 
boration  with  the  U.S.  Tank  Automotive  Cotmiiand  (TACOM)  in 
Warren,  Michigan  48090,  during  the  past  several  years.  The 
technique  is  used  as  a  means  of  accurately  accessing  and  Recon¬ 
structing  formulations  of  vulcanized  elastomers  where  few,  if 
any,  straightforward  analytical  procedures  are  available  for 
this  type  of  work. 
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The  complex  nature  of  Industrial  elastomer  systems 
provides  a  significant  analytical  challenge.  Compound  analysis 
Is  predicated  on  the  availability  of  numerous  Instrumental 
techniques  and  a  complement  of  procedures  to  analyze  polymers, 
additives,  and  fillers  In  a  single  elastomer  system.  Because 
compounding  produces  the  optimum  physical  characteristics  In  an 
elastomer  system.  It  Is  possible  to  create  a  tremendous  number 
of  diverse  elastomers  by  varying  the  polymer  ratios,  additive 
and  filler  types,  or  by  varying  the  mixing  and  processing  tech¬ 
niques.  The  statistical  combinations  are  virtually  endless, 
each  variation  resulting  in  a  specific  system  with  new  and 
different  physical  and  compositional  characteristics. 

The  use  of  Ser-Py-GC-MS  has  successfully  been  developed  at 
this  research  center  to  avoid  manipulative  ASTM  procedures, 
reduce  analysis  time,  increase  accuracy,  and  generally  provide 
more  specific  Information  about  elastomer  systems  that  could 
previously  be  obtained  oy  combinations  of  wet  chemistry 
analysis,  extractions,  and  instrumental  identifications. 

Three  proprietary  elastomer  systems  are  presented  1n  this 
paper  to  demonstrate  the  application  of  the  technique  as  well 
as  to  illustrate  the  format  and  nature  of  results.  The  elasto¬ 
mers  presented  In  this  paper  Include  1)  a  T-156  track  pad  elas¬ 
tomer  system;  2)  an  experimental  proprietary  natural  rubber; 
and  3)  an  Advanced  Attack  Helicopter  (AAH)  self-sealing  fuel 
hose. 


EXPERIMENTAL 


All  samples  were  pyrolyzed  using  a  Chemical  Data  Systems 
(COS,  Oxford,  PA)  Model  122  Pyrolysis  unit  interfaced  to  a 
Hewlett-Packard  Model  5996  gas  chromatograph-mass  spectrometer 
system  controlled  by  a  Hewlett-Packard  Model  1000-E  series  com¬ 
puter  operating  under  RTE-6/VM  Rev.  C  software.  A  sample, 
weighing  approximately  5  mg.,  of  each  elastomer  system  Is 
placed  in  a  quartz  pyrolysis  tube  and  inserted  Into  a  COS 
interface  maintained  at  250‘’C.  The  initial  pyrolysis  tem¬ 
perature  of  SOO^C  is  used  to  thermally  desorb  the  organic 
fraction  of  the  formulation  additives  without  disintegration  of 
the  intact  polymer  matrix.  Without  removing  the  sample  from 
the  interface,  the  sample  is  pyrolyzed  at  SOO^C.  This  serial 
pyrolysis  temperature  serves  to  fragment  the  polymer  matrix, 
already  free  of  additive  and  formulation  components,  into  its 
monomeric  species  and  associated  pyrolysis  rearrangement 
species  which  are  used  for  further  identification  of  the  whole 
system. 
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The  pyrolyzate  resulting  from  each  pyrolysis  experiment 
was  chromatographed  on  a  12  meter  capillary  column  of  cross- 
linked  methyl  silicon^  (SE-30).  The  gas  chromatograph  was 
programmed  from  50*C  to  260“C  at  S^C/min  and  the  final  tem¬ 
perature  was  maintained  for  10  minutes.  A  mass  range  of  33  to 
300  amu  was  scanned  repeatedly  at  approximately  1.4  second 
intervals  and  the  electron  ionization  mass  spectra  (70  eV)  of 
the  pyrolyzate  componisnts  were  collected  by  the  computer 
acquisition  software.  Data  reduction  of  the  mass  pyrograms  was 
accomplished  using  on-line  software  programs  designed  to  dis¬ 
play  individual  mass  jpectra  and  to  compare  the  spectrum  of 
Interest  to  standard  reference  spectra  contained  in  the  46,000 
MBS  (National  Bureau  of  Standarys)  Mass  Spectral  Reference 
Library. 


RESULTS  AND  DISCUSSION 

The  respective  sots  of  serial  pyrolysis  experiments  for 
each  sample  are  provic'ed.  One  of  the  important  aspects  of 
using  mass  spectrometry  as  a  specific  detector  for  this  type  of 
work  is  that  it  provices  conclusive  evidence  of  the  organic 
structure  of  the  chrcmatographed  pyrolyzate.  The  ambiguity  of 
pyrolysis--gas  chromate graphy,  conventionally  to  produce  a 
''fingerprint''  of  vulcinizate  composition,  is.  v1’  ly  elimin¬ 
ated;  the  components  ^an  be  evaluated  for  molec;  ar  ion  infor¬ 
mation  as  well  as  for  structure.  In  many  respects  this 
technique  is  definitive  for  composition. 

The  T-156  analysis  shown  in  Figures  1  and  2  provides  a  set 
of  data  which  elucidates  a  fonnulation  of  accelerator,  antioxi¬ 
dants,  and  extendei  s  cr  processing  aids  (Py  at  30C’C).  The 
mass  pyrogram  derived  from  the  second  sten  of  the  experiment 
(Py  at  SOO’C)  clear'y  shows  the  monomeric  species  of  1,3- 
butadiene  (m/z  54)  an((  styrene  (m/z  104).  Other  aromatic 
decomposition  products!  derived  from  the  polymer  matrix  also 
produce  ions  indicative  of  the  styrene-butadiene  (SBR)  polymer. 

The  proprietary  natural  rubber  formulation  shown  in 
Figures  3  and  4  displays  pyrolytic  products  with  gas  chromato¬ 
graphic  retention  timejs  similar  to  those  in  the  styrene- 
butadtene  formulation  |ln  Figure  1.  Mass  spectrometric 
identification  of  the  chromatoq''aph1c  effluent,  however,  shows 
not  only  the  essential  organic  formulation  and  polymer,  but 
also  essential  oils  and  fatty  acids  which  serve  to  further 
classify  the  polymer  ajs  being  derived  from  SMR  (Standard 
Malaysian  Rubber)  rattier  than  from  synthetic  cis-1,4- 
polyisoprene.  The  conventional  use  of  Py-GC  pattern 
recognition, techniques  between  Figure  I  and  Figure  3  would 
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FIGURE  3.  Serial  mass  chromatopyrogram  #l  of  a  natural  rubber  vulcanizate  pyrolyzed  at  300'C. 


produce  vague  and  questionable  identifications;  mass  spec¬ 
trometry  clearly  differentiates  the  tv.'o  dissimilar  systems 
without  relying  on  gas  chromatographic  retention  time 
comparisons. 

The  300'’C  mass  chromatopyrogram  of  the  fuel  hose  in 
Figure  5  reveals  a  highly  specialized  formulation  which  is 
quite  different  from  the  previous  two  examples.  This  material 
is  formulated  with  2,5-dimethyl-2,5-(t-butylperoxy)-hexane  as  a 
cross-linking  agent  as  well  as  4-morphol inyl-2-benzothiazole 
disulfide  as  an  accelerator  for  the  sulfur  curing  system.  The 
two  mechanisms  of  cross-linking  are  required  to  effect  vulcani¬ 
zation  of  the  polymer  system  derived  in  the  600°C  pyrolysis. 
Figure  6  shows  that  the  polymer  is  in  actuality  a  combination 
of  nitrile  rubber  with  styrene-butadiene  rubber.  The  peroxide 
cross-linking  agent  is  recommended  for  the  NBR  fraction  while 
the  sulfenamide  accelerator  provides  maximum  strength  and  wear 
qualities  for  the  SRF  fraction.  The  dibutyl  phthalate  provides 
a  softening  characteristic  for  the  SBR  rubber.  Octyldiphenyl- 
amine  is  the  primary  antioxidant  for  the  entire  system. 
Dibetanaphthyl-p-phenylenediamine  is  also  used  as  an  antioxi¬ 
dant  as  well  as  a  copper  inhibitor,  most  likely  serving  as  a 
protective  mechanism  for  the  copper  braid  grounding  wound 
around  the  entire  hose  under  the  protective  covering.  The  con¬ 
struction  of  the  hose  is  such  that  NBR,  on  the  interior  of  the 
hose,  provides  a  fuel  resistant  layer  while  the  exterior  of  the 
hose  is  a  softened  SBR  rubber.  If  the  hose  is  penetrated,  fuel 
will  swell  the  softened  SBR  which  may  seal  the  puncture. 

Again,  this  example  illustrtes  the  versatility  of  this  tech¬ 
nique,  providing  significant  analytical  capability  to  discern 
formulations  designed  for  complex  elastomer  systems  having 
specialized  applications. 


CONCLUSIONS 


Serial  pyrolysis-gas  chromatography-mass  spectrometry  is  a 
highly  specialized  analytical  technique  which  reduces  complex, 
vulcanized  elastomer  systems  to  selective,  thermally  degraded 
states.  The  data  derived  from  this  type  of  analysis  provide 
essential  information  about  the  elastomer  formulation  and  poly¬ 
mer  while  reducing  sample  manipulations  to  an  absolute  minimum. 
In  many  cases,  extractions  and  multiple  analytical  steps  advo¬ 
cated  in  conventional  ASTM  procedures  are  eliminated.  Ser-Py- 
GC-MS,  as  a  method, , represents  a  powerful  means  of  elastomer 
characterizat ion  providing  rapid,  reproducible,  and  accurate 
data  which  transcend  conventional  pyrolysis  applications. 
Particularly  in  the  case  of  vulcanized  elastomers,  the 
pyrolysis  data  may  be  extrapolated  into  performance  behavior, 
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FIGURE  5.  Serial  mass  chromatopyrogram  #1  of  AE-502  fuel  hose  pyrolyzed  at  300'’C. 


correlated  to  quality  assurance,  and  serve  as  a  materials 
profile  to  predict  the  overall  integrity  of  the  elastomer. 
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CHARACTERIZATION  OF  ELASTOMERS  USING  NEUTRON  ACTIVATION  AND 
HIGH  RESOLUTION  GAMMA  RAY  SPECTROSCOPY 


FORREST  C.  BURNS 

Materials  Characterization  Division,  U.S.  Army  Materials  and 
Mechanics  Research  Center,  Watertown,  Massachusetts  02172 


Elastomer  samples  are  difficult  to  analyze  using  conven¬ 
tional  analytical  techniques  because  they  are  composed  of  many 
different  materials  and  are  therefore  hard  to  get  into  solu¬ 
tion.  It  Is  not  necessary  to  process  the  elastomers  in  any  way 
to  be  able  to  use  thermal  or  fast  neutron  activation  analysis. 
The  sample  is  simply  irradiated  with  a  standard  containing  the 
elements  of  interest  and  each  is  then  counted  using  a  gamma  ray 
spectrometer.  Since  very  small  samples  (less  than  10  milli¬ 
grams)  can  be  irradiated  and  analyzed  the  homogeniety  of  an 
elastomer  can  be  determined. 

In  addition  to  quantitative  results  being  possible  for 
many  elements;  a  gamma  ray  "fingerprint"  is  also  obtained. 

This  is  unique  for  each  batch  of  material.  Even  if  the 
elements  are  the  same  the  ratios  of  the  concentrations  depicted 
by  the  peak  heights  of  the  energy  peaks  in  the  gamma  ray 
spectra  are  different.  Therefore,  if  it  were  ever  necessary  to 
trace  the  origin  of  a  sample  it  would  be  possible. 

Fast  neutron  activation  is  the  only  nondestructive  method 
for  obtaining  quantitative  elemental  bulk  oxygen  analyses  of 
elastomers.  Using  this  technique  it  is  possible  to  determine 
the  amount  of  oxidation  that  has  taken  place  at  the  surface  of 
a  tank  pad  as  opposed  to  the  unexposed  surface. 

In  this  presentation  examples  of  gamma  ray  "fingerprints" 
will  be  shown.  Also  a  table  of  oxygen  analyses  of  tank  pads 
from  different  manufacturers  will  be  presented. 
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DEFORMATION  OF  MICROPHASE  STRUCTURES  IN  POLYURETHANES 


C.R.  OESPERI,  N.S.  SCHNEIOERI,  J.P.  JASINSKll*,  J.S.  LIN? 

(1)  Organic  Materials  Laboratory,  U.S.  Army  Materials  and 
Mechanics  Research  Center,  Watertown,  Massachusetts  02172; 

(2)  National  Center  for  Small  Angle  Scattering  Research,  Oak 
Ridge  National  Laboratory,  Oak  Ridge,  Tennessee  37830 


Microstructure  deformation  In  three  selected  polyurethanes 
has  been  studied  quantitatively  by  SAXS  during  macroscopic 
tensile  strain.  The  results  demonstrate  three  possible  modes 
of  response  at  the  level  of  the  microphase  structure:  a  shear 
mode,  a  tensile  mode,  and  rotation  or  translation  of  Indepen¬ 
dent  particles.  In  the  shear  mode,  as  seen  In  an  amine-cured 
polyurethane,  the  hard  segment  lamellae  tilt  away  from  the 
stretch  direction,  while  the  soft  segment  microphase  deforms  In 
shear.  In  the  tensile  mode,  exemplified  by  a  diol-cured 
polyurethane,  the  lamellae  orient  normal  to  the  stretch  direc¬ 
tion,  while  the  soft  segment  microphase  deforms  in  tension. 

For  a  triol-cured  polyurethane,  the  local  deformation  mode  is 
ambiguous.  Results  are  interpreted  In  terms  of  either  rotation 
or  translation  of  microparticles. 


♦Intergovernmental  Personnel  Act  (IPA)  fellowship:  on  leave 
from  the  Chemistry  Department,  Keene  State  College,  Keene,  New 
Hampshire  03431. 
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RELATIONSHIP  BETWEEEN  CHEMICAL  COMPOSITION  AND  HYSTERESIS  IN 
POLYURETHANE  ELASTOMERS 


CATHERINE  A.  BYRNE 

U.S.  Army  Materials  and  Mechanics  Research  Center,  Polymer 
Division,  Watertown,  Massachusetts  02172-0001 


INTRODUCTION 

Polyurethane  elastomers  are  promising  materials  for  solid 
tires  and  track  pads  for  tanks.  There  is  little  systematic 
study  reported  of  the  relationship  between  the  specific  chemi¬ 
cal  compositions  of  a  series  of  chemically  similar  polyure¬ 
thanes  and  their  hysteresis  and  other  properties, thought  to 
influence  elastomer  performance  on  heavy  vehicles^.  In  this 
work,  the  characteristics  of  a  group  of  promising  polyure¬ 
thanes  are  being  studied,  including  the  thermal  properties, 
mechanical  properties  at  elevated  temperatures,  hardness,  tear 
strength  and  compressive  fatigue  behavior.  Abrasion  resis¬ 
tance  is  also  an  important  property,  but  the  correlation 
between  laboratory  tests  and  road  tests  is  frequently  poor. 
Abrasion  resistance  will  not  be  discussed  here. 

The  polyurethanes  chosen  for  the  study  are  based  on  1,4- 
diisocyanatocyclohexane  (CHDl,  99%  trans  isomer,  Akzo  Chemie 
America)  pol y( tetramethyl ene  oxide)  soft  segment  of  different 
molecular  weights  (PTMO),  chain  extender  1 ,4-butanediol  (BD) 
and  crosslinker  trimethylol  propane  (IMP).  Polyurethanes  from 
CHDI  have  been  compared  to  those  fr^m  several  other  di isocy¬ 
anates  in  a  study  by  Wong  and  Frisch‘S.  In  general,  the  stress 
properties  of  the  CHOI  samples  were  poorer  at  room  temperature 
but  better  retention  of  strength  occurred  at  higher  tempera¬ 
tures,  in  the  range  examined,  up  to  150°C.  A  linear  CHDI 
sample  with  Shore  A  hardness  97  showed  a  stress  of  approxi¬ 
mately  15  MPa  at  309  percent  elongation  and  25°C  and  8  MPa  at 
150°C.  An  MDI  sample  of  similar  hardness,  but  higher  hard 
segment  content,  showed  17  MPa  at  26°C  and  about  4  MPa  at 
ISO’C. 

Polyurethanes  from  CHDI  also  exhibit  fetter  retention  of 
tear  resistance  at  elevated  temperatures,”  A  comparison  was 
made  of  polyurethanes  prepared  from  PTMO  1000  and  MDl  having 
33,9  weight  percent  hard  segment  and  a  similar  CHDI  polymer 
having  27,2  weight  percent  hard  segment.  Split  tear  resis¬ 
tance  (ASTM  D1938)  values  of  44.0  kN/m  (252  pli)  at  25'C  and 
2.8  kN/m  (16  pli)  at  150°C  were  observed  for  the  MOl  polyure¬ 
thane  and  37.5  kN/m  (214  pli)  and  25.2  kN/m  (144  pli)  at  the 
respective  temperatures  for  the  polymer  prepared  from  CHOI. 
While  the  tear  resistance  of  the  latter  materials  is  lower  at 
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room  temperature  it  retains  67  percent  of  that  value  at  150*C. 
The  polymer  prepared  from  MDI  retains  only  6  percent  of  its 
tear  resistance  at  150’C. 


EXPERIMENTAL 

The  synthesis  involved  formation  of  a  prepolymer,  followed 
by  chain  extension.  Samples  were  prepared  as  50  mil  (1.3  mm) 
sheets  using  0.0009  weight  percent  T-12  catalyst  or  as  2-1/2  x 
2-1/2  X  5/8  inch  (63.5  x  63.5  x  15.9  mm)  blocks  using  no 
catalyst.  The  preparation  of  lOOg  batches  of  polyurethane  and 
casting  as  blocks  was  not  possible  when  a  catalyst  was  used, 
because  the  larger  samples  set  up  too  quickly.  The  CHOI  is 
intermediate  in  reactivity  between  MDI  and  hydrogenated ,  MDI 
(H,2MDI)  and  so  good  elastomers  could  be  made  without  a  cata¬ 
lyst.  The  infrared  spectra  of  thin  films  of  the  samples  pre¬ 
pared  with  a  catalyst  showed  a  trace  of  free  isocyanate  at 
2255  cm"^.  When  the  attenuated  total  reflectance  method  was 
used,  the  polyurethane  surfaces  showed  no  free  isocyanate. 

Thermomechanical  analysis  was  performed  using  Perkin-Elmer 
TMS-1  with  a  Perkin-Elmer  Model  UU-1  temperature  program 
controller.  Samples  were  heated  in  a  helium  atmosphere  from 

Table  1 

THERMOMECHANICAL  ANALYSIS  RESULTS 

moles/1  mole/moles/mole 

CHDI/  PTMO/  BD  /  TMP  Transitions  CO 


-  2000 

- 

0.8  -  0.13 

-72 

217’ 

-  2000 

- 

0.3  -  0.13 

-71  , 

225’ 

-  2000 

- 

0.8  -  0.13 

-71 

244’ 

-  2000 

0.9  -  0.066 

-72 

256’ 

-  2000 

- 

0.6  -  0.266 

-74 

241’ 

-  2000 

1.2  -  0.2 

-70 

251’ 

-  2000 

- 

1.2  -  0.2 

-74 

253’ 

-  2000 

- 

1.2  -  0.2 

-74 

241? 

-  2000 

1.35  -  0.1 

-69 

258’ 

-  200^^ 

- 

0.9  -  0.4 

-74 

251’ 

-  1000 

1.2  -  0.2  PTMO  1000 

-68 

265’ 

-  2000 

- 

1.2  -  0.2  Postcure  125’ 

-74 

247'’ 

-  2000 

• 

1.2  -  0.2  Postcure  150’ 

-74 

236’ 

-IQO’C  to  the  softening  point  of  the  sample  at  20*C/minute. 
The  weight  used  in  the  IMA  was  40  grams  in  most  cases,  20 
grans  for  one  or  two  samples. 

A  r-'erk in-Elmer  DSC-2  cooled  with  liquid  nitrogen  and 
purged  with  helium  was  used  for  DSC.  Sample  size  was  10  -  15 
mg.  The  heating  rate  war  20*  per  minute.  A  Perkin-Elmer 
Thermal  Analysis  Data  Station  was  used  to  determine  the  temp¬ 
eratures  of  the  transitions. 

A  Rheometrics  Dynamic  Spectrometer,  RDS-7700,  was  used  for 
dynamic  mechanical  analysis.  The  samples  were  cut  to  13  by  64 
mm  and  were  1.3  to  1.6  tmi  thick.  A  liquid  nitrogen  controller 
was  used  to  achieve  the  desired  temperature.  Measurements 
were  taken  at  10*  temperature  increments,  with  an  equilibra¬ 
tion  time  of  two  minutes  at  each  temperature.  The  range 
studied  was  from  -100  to  160*C,  with  a  strain  setting  of  one 
percent  and  a  rate  of  6.28  radians  per  second. 

During  Rheometrics  analysis,  a  torsional  motion  is  imposed 
on  the  sample  and  the  torque  and  normal  forces  resulting  from 
the  mot’on  are  measured  by  a  transducer.  From  these  values 
can  be  calculated  the  storage  modulus,  G' ,  the  loss  modulus, 
G"  and  the  ratio  of  the  latter  to  the  former,  the  loss  tangent 
(taruS). 


IE«PfR«TUI!F  CO 

FIGURE  1 .  The  Dynamic  Mechanical  Spectrum  for  sample 
2.5-20OO-1 .2-0.2.  Modulus  values  can  be  converted  to  Pascals 
by  reducing  the  ordinate  values  by  an  order  of  magnitude. 
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Tear  resistance  was  measured  using  a  trouser  tear  specimen 
described  in  ASTM  D470-82.  The  crosshead  speed  was  500 
mm/min.  The  data  reported  is  the  average  of  results  for  six 
specimens.  A  hand-held  Shore  durometer,  hardness  type  "A-2" 
was  used  to  determine  the  haruness  of  the  samples,  accordingly 
to  ASTM  02240-75.  Specimens  were  rectangular,  25  mu  in  length 
by  13  mm  wide.  Four  plies  of  sample  were  u  -d  to  achieve  a 
thickness  of  6.4  mm.  Throe  readings  were  taken,  6  mm  apart  on 
the  surface  of  the  four  plies.  Hardness  values  measured  on 
the  blocks  tended  to  be  up  to  5  units  lower. 

Internal  heat  generation  was  measured  during  fatigue 
loading  of  a  series  of  the  polyurethane  elastomers  described 
above.  Compression-compression  fatigue  testing  was  performed 
on  sample  blocks  at  18.5  Hertz  with  a  maximum  load  of  4500 
pounds  (20,000  N)  and  a  ratio  of  minimum  to  maximum  load  of 
0.1.  The  testing  continued  for  200,000  cycles  and  a  time  of 
180  minutes. 

An  Instron  model  1322  servohydraul ic  test  machine  was  used 
for  all,  fatigue  tests.  Throughout  the  test,  load  and  stroke 
data  were  acculred  using  a  Nicolet  digital  oscilloscope. 
These  data  were  stored  on  floppy  disks  for  post-test  reduc¬ 
tion.  The  internal  temperature  of  each  block  was  measured 
using  a  J  type  thermocouple  Inserted  through  a  drilled  hole 
into  the  center  of  the  block.  Temperature  was  recorded  by  an 
Electronic  Controls  Design  Datalogger  Model  DL  2020  at  time 
intervals  which  varied  depending  on  the  rate  of  teniperature 
rise. 

The  Nicolet  oscilloscope  is  microprocesso'*  based  and  data 
reduction  can  be  performed  internally.  The  data  were  reduced 
by  displaying  and  plotting  load  versus  stroke  at  various  times 
during  each  fatigue  test.  Hysteresis  was  calculated  from  the 
area  betw’en  the  loading  and  unloading  curves  using  a  program 
supplied  by  Nicolet.  Each  value  represents  an  average  of  five 
to  six  successive. cycles  of  loading. 


RESULTS  AND  DISCUSSION 

Initially,  the  TMA  curves  for  a  number  of  samples  were 
examined.  It  is  important  that  the  samples  have  final  soft¬ 
ening  temperatures  well  above  the  temperature  experienced  by 
the  samples  In  compressive  cycling.  All  the  samples  tested 
exhibit  two  transitions  shown  In  Table  1,  one  due  to  the  T  of 
the  PTMO  soft  segment  and  the  other  to  the  final  softening, 
considerably  above  the  temperatures  occurring  d  .ring  compress¬ 
ive  cycling  and  also  higher  than  final  softening  values  for 
many  poi yurethanes .  An  increase  in  NCO/OH  leads  to  a  higher 


Table  2 


SHORE  A  HARDNESS  AND  TEAR  STRENGTHS  OF  POLYURETHANES 


moles/1  mole/moles/moles 


Tear 

Strength 


CHDI/ 

PTMO/ 

BO 

/  TMP  . 

Hardness 

NCO/OH 

(pH) 

(kN/m) 

2.0  - 

2000 

. 

0.8 

-  0.13 

1.0 

15.61 

2.73 

2.1  - 

2000 

- 

0.8 

-  0.13 

84 

1.05 

62.13 

10.87 

1.9  - 

2000 

- 

0.8 

-  0.13 

87 

0.95 

131.86 

23.08 

2.1  - 

2000 

- 

0.9 

-  0.066 

85 

1.05 

- 

• 

2.1  - 

2000 

- 

0.6 

-  0.266 

87 

1.05 

23.03 

4.03 

2.1  - 

1000 

0.8 

-  0.13 

97 

1.05 

79.71 

13.95 

2.6  - 

1000 

- 

1.2 

-  0.2 

95 

1.05 

77.29 

13.53 

2.0  - 

2695 

- 

0.8 

-  0.13 

'  '81 

1.0 

- 

- 

2.5  - 

2000 

1.2 

-  0.2 

86 

1.0 

131.61 

23.03 

2.4  - 

2000 

1.2 

-  0.2 

.  88 

0.95 

146.11 

25.57 

2.5  - 

2000 

• 

1.35 

-  0.1 

95 

1 .05 

• 

2.6  - 

2000 

• 

0.9 

-  0.4  ' 

90 

1.05 

21.84 

3.82 

2.6  - 

2000 

1.2 

-  0.2 

91 

1.05 

50.72 

8.38 

final  softening,  presumably  due  to  allophanate  crosslinking. 
An  assumption  was  made  at  the  outset,  that  the  best  hysteresis 
properties  would  be  observed  for  crossl inked  samples.  All  the 
samples  discussed  in  this  work  are  crossl inked  by  TMP.  It  was 
assumed  that  crosslinking  would  reduce  the  compressibility  of 
the  samples  and  the  heat  generated  would  be  lower.  The  assump¬ 
tion  has  not  been  tested,  and  may  be  incorrect  for  samples 
prepared  with  such  a  compact  di i socyanate . 

An  increase  in  the  amount  of  crosslinking  by  TMP  leads  to 
a  decrease  in  the  final  softening  temperature.  This  is  attri¬ 
butable  to  poorer  order  in  the  hard  segment  regions  due  to  the 
cross  1 i nk i ng .  An  increase  in  weight  percent  hard  segment, 
effected  either  by  increasing  the  amount  of  CHUI  or  by  using 
PTMQ  lUiJiJ,  both  cause  an  increase  in  final  softening.  Post 
cijnes  of  six  hours  at  125  and  IbO^T  cause  a  lowering  of  the 
final  softening  temperatures,  to  the  extent  of  5  to  20°C.  A 
post  cure  had  been  suggested  as  a  ni«thod  of  improving  the 
mechanical  properties  of  these  polymers.  b  r:e  the  reduced 
final  softening  temiieratures  indicate  some  degradation,  the 
te'nperatures  which  were  chosen  are  possibly  too  high. 

DSC  experiments  were  run  on  two  crossl  inked  samples, 
2.1-20']U-0.9-U.067  and  2.6-2000-1.35-0.1,  8otn  samples  have 
soft  segment  T^^'s  of  indication  of  a  very  high  degree 
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Table  3 


THE  RESULTS  OF  COMPRESSION  TESTING 


moles/l  mol  e/mol  as/moles  Hysteresis  Maximum  Time  to 


CHOI/ 

PTMO  / 

BD  /  TMP 

(in-lb) 

(N-m) 

Temp  (*C) 

Maximum 

2.0  - 

2000 

- 

0.8  -  0.13 

9.9 

1.1 

57* 

85 

min 

2.1  - 

2000 

- 

0.8  -  0.13 

14.2 

1.6 

86 

177 

min 

2.0  - 

2000 

• 

0.9  -  0.066 

14.0 

1.6 

87 

180 

min 

2.1  - 

2000 

0.9  -  0.066 

12.0 

1.4 

,72** 

137 

min 

2.0  - 

2000 

- 

0.6  -  0.266 

13.5 

1.5 

82** 

103 

min 

2.5  - 

2000 

1.2  -  0.2 

6.4 

0.7 

57 

IBC 

min 

2.5  - 

2000 

- 

0.9  -  0.4 

13.2 

1.5 

88 

182 

min 

2.0  - 

2695 

0.8  -  0.13 

16.0 

1.8 

100 

182 

min 

2.5  - 

2695 

1.2  -  0.2 

23.8'  ■ 

2.7 

100 

176 

min 

*  Thermocouple  failed,  temperature  still  rising 
**  Thermocouple  failed,  temperature  leveling  off 


« 


30 


20 


10 


0 


0  20  «  60  80  100  120  l«  160  180  200 


Cycle. NurHwr  cmousandsl 


FIGURE  2.  The  hysteresis  during  compressive  fatigue  at  18.5 
Hertz. 
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of  purity  in  the  soft  segment  phase.  The  pure  PTMO  has  a  T 
of  -85“C.  Each  also  exhibits  an  endotherm  at  -6  to  -8®C, 
which  is  probably  soft  segment  crystalline  melting.  In  the 
sample  with  2.6  moles  CHDI,  another  transition  is  apparent  at 
the  highest  temperature  to  which  the  experiment  was  run, 
200°C.  A  sample  without  TMP  crossl inxing,  2.6-2000-1.5  exhi¬ 
bits  a  very  small  hard  segment  T  with  onset  temperature  76"C. 
This  is  not  observed  in  the  cro^l  inked  samples.  The  maximum 
temperature  attained  in  compressive  cycling  in  the  best  sam¬ 
ples  shown  in  Table  3  is  lower  than  the  hard  segment  T  .  This 
factor  is  important  in  keeping  the  hysteresis  low.  Tne  dyna¬ 
mic  mechanical  spectrum  for  2.6-2000-1.2-0.2  is  shown  in 
Figure  1.  The  curve  for  loss  modulus  (G")  shows  a  transition 
due  to  the  soft  segment  T  at  -80®C,  a  change  in  slope  due  to 
soft  segment  melting  at  atrout  0®C  and  possibly  another  transi¬ 
tion  occurring  between  0°  and  60-70*C.  The  last  behavior  is 
not  explainable  at  present.  The  sample  retains  its  strength 
until  at  least  160®C,  which  is  above  the  temperatures  attained 
in  compressive  cycling. 

Thermal  analysis  combined  with  information  about  the 
hardness  values  for  the  samples,  led  to  the  choice  of  samples 
for  initial  compressive  testing.  Hardness  values  were  consid¬ 
ered  important  because  many  of  the  commercially  important 
compounded  elastomers  have  lower  hardness  values  than  these 
polyurethanes.  Increasing  the  weight  percent  soft  segment  by 
using  PTMO  2695  was  one  way  to  reduce  the  hardness.  Reducing 


FIGURE  3.  The  temperature  at  the  center  of  the  sample  blocks 
during  canpressive  fatigue  at  18.5  Hertz. 
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the  weight  percent  hard  segment  by  using  2  moles  CHDI  also 
produced  softer  samples.  Another  method  which  has  not  been 
tried  would  be  to  prepare  the  polyurethanes  by  a  one  step 
technique  rather  than  by  the  prepolymer  method.  This  would 
probably  lead  to  softer  samples  with  more  poorly  organized 
hard  segment  phases.  Unfortunately,  increasing  the  softness 
frequently  also  leads  to  an  increase  in  hysteresis.  It  should 
be  noted  that  polyurethanes  prepared  from  CKQI  exhibit  un¬ 
usually  high  Shore  A  hardness  values  at  low  weight  percent 
hard  segment,  ranging  from  17.3  to  22.8  weight  percent  for 
sample  compositions  shown  in  Table  2  prepared  with  PTMO  2000. 

The  results  of  compression  testing  of  the  sample  blocks 
are  shown  in  Table  3  and  Figures  2  and  3.  The  hysteresis 
changes  initial ly,  but  then  levels  off  and  the  blocks  gener¬ 
ally  attain  a  steady  elevated  temperature.  The  hysteresis 
values  are  very  high  initially  for  three  of  the  samples, 
exemplified  by  2.0-2000-0.9-0.066  in  Figure  2.  In  the  others 
the  initial  change  is  small.  A  more  or  less  constant  hystere¬ 
sis  value  and  temperature  is  attained  in  all  cases  except  one 
before  3,000  cycles  have  been  completed.  The  sample  prepared 
with  2.5  CHDI  and  PTMO  2695  was  the  only  sample  tested  which 
showed  a  continuing  increase  in  hysteresis  and  temperature 
throughout  the  180  minute  experiment.  Some  type  of  change  in 
polymer  chain  organization  was  undoubtedly  continuing  in  that 
sample.  The  reasons  why  some  samples  show  large  hysteresis 
values  initially  and  others  do  not  is  uncertain.  Experiments 
could  probably  be  designed  to  study  this  behavior  using 
annealing  with  and  without  compressive  stress. 

The  softest  samples  tested,  prepared  with  PTMO  2695,  exhi¬ 
bited  the  highest  temperature  during  testing,  approximately 
100“C.  This  is  a  moderate  temperature,  the  same  as  that  used 
for  curing  the  samples.  In  several  cases  noted  in  Table  3, 
thermocouple  failure  occurred.  The  hysteresis  values  in  the 
table  are  all  values  found  at  the  end  of  the  tests,  since  the 
hysteresis  could  still  be  obtained  after  the  internal  tempera¬ 
ture  could  no  longer  be  measured. 

The  sample  in  the  table  with  the  smallest  temperature  rise 
after  the  completed  experiment  contains  2.5  moles  CHOI.  This 
indicates  that  increasing  the  CHOI  content  from  2  moles  to  2.5 
moles,  which  increases  the  weight  percent  hard  segment  and  the 
hardness  may  not  by  itself  effect  the  hysteresis.  There  is 
insufficient  ,  data  to  make  conclusions  about  the  effect  of 
crosslinking,  either  by  ailophanate  or  by  TMP,  on  the  hyste¬ 
resis.  All  of  the  samples  exhibit  small  temperature  rises, 
low  hysteresis  and  in  general,  judging  from  their  unchanged 
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appearances,  withstand  the  test  very  well.  Samples  which  nave 
not  withstood  the  test  well  show  evidence  of  internal  melting 
and  severe  distortion  of  the  block  shape. 

Another  factor  which  would  be  important  in  resistance  to 
wear  on  rough  surfaces  is  tear  resistance.  Values  for  tear 
strength  are  shown  in  Table  2.  A  trouser  tear  test  was  used 
in  a  effort  to  reduce  the  tensile  contribution  to  the  result. 
Reduction  of  NCO/OH  below  1.0  improves  the  tear  strength.  An 
increase  in  crosslinking  by  IMP  reduces  the  tear  strength. 
Use  of  PTMO  1000  improves  the  tear  strength  over  samples  with 
the  same  molar  composition  when  PTMO  2000  is  used.  The  tear 
resistance  values  at  the  elevated  temperatures  reached  during 
compressive  fatigue  should  also  be  measured. 

All  the  results  together  indicate  that  the  best  sample 
examined  so  far  is  2.5  -  2000  -  1.2  -  0.2  which  exhibited  the 
lowest  hysteresis  and  also  high  tear  strength.  Results  of  the 
tear  strength  tests  indicate  that  hysteresis  testing  of  sam¬ 
ples  with  isocyanate  to  hydroxy  group  ratio  less  than  1.0 
should  be  done,  since  their  tear  strengths  are  the  highest  of 
any  in  the  table. 
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CHEMICAL  SCREENING  STUDIES  OF  RUBBERS 
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U.  S.  Army  Materials  and  Mechanics  Research  Center,  Watertown, 

Massachusetts  02172-0001 


INTRODUCTION 


The  purpose  of  this  presentation  is  to  describe  some  of 
the  recent  efforts  at  AMMRC  concerned  with  the  screening  of 
commercial  and  military  rubbers  against  the  effects  of  selected 
organic  liquids. 

The  objectives  of  this  program  are  outlined  in  Table  1. 

The  Army  is  dependent  upon  many  types  of  rubber  materials. 
Successful  choice  and/or  development  of  suitable  rubbers  will 
be  facilitated  by  a  materials  interaction  data  base.  The 
Interactions  of  concern  are  listed  in  the  table.  Specialized 
liquids  were  selected  to  serve  as  simulants  for  chemical 
agents.  The  structures  of  the  liquids  are  also  given  in  the 
table,  along  with  selected  properties.  The  solubility  param¬ 
eter  («)  of  a  substance  is  a  measure  of  the  attractive  energy 
between  its  component  molecules  and  is  used  to  correlate  and 
predict  solubilities  and  miscibilities  of  one  material  or 
substance  with  another. 

The  screening  was  accomplished  by  immersion  testing  of  the 
rubbers  in  the  respective  liquids.  The  advantages  of  immersion 
testing  are  listed  below  and  are  derived  largely  from  the 
simplicity  and  utility  of  the  method. 

•  Simple  experiment  requires  no  complex  instrumentation, 
equipment,  or  training. 

•  Treatment  of  raw  data  is  simple  and  straightforward. 

t  Estimates  of  fundamental  parameters  of  liquid/polymer 
interactions  are  provided. 

•  Specimens  which  are  suitable  for  post-exposure 
mechanical  testing  can  be  used. 

e  Screening  to  begin  assembly  of  a  materials  interaction 
data  base  is  relatively  rapid. 

The  AMMRC  immersion  test  procedure  is  outlined  in  Table  2. 
The  specimens  are  small  disks  cut  from  sheet  stock,  usually  of 
thickness  ranging  from  0.040  to  0.100  inch.  The  test  is  con¬ 
tinued  until  the  occurrence  of  one  of  the  events  listed  in  the 
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TABLE  1  j  ' 

OBJECTIVES  OF  THE  CHEMICAL  SCREENING  STUDIES  OF  RUBBERS 

PURPOSE  I  - 

•  INVESTIGATE  INTERACTIONS  OF  RUBBER  MATERIALS  WITH  SIECTED 

ORGANIC  LIQUIDS  j 

•RESULTS  OF  THESE  SCREENING  TESTS  WILL  PROVIDE  A  MATERIALS 
INTERACTION  DATA  BASE 

•  INTERACTIONS  OF  INTEREST  | 

•SORPTION 

•DIFFUSION  ; 

•PERMEATION  I 

•SPECIALIZED  LIQUIDS  OF  INTEREST  TO  THE  ARMY 


NAME 

1,5-DICHLOROPENTANE  ;i 

31  ISOPROPYL  METHYL  PHOSPHONATE 

ABREV 

DCP  i 

DIMP 

STRUCTURE 

1 

1 

CI-CH2-CH2-CH2-CH2-CH2-CI  ' 

CH3  0  CH3 

1  ^  »  1  ^ 

ch-o-p-o-ch 

1  1  1 

MOL.  WT. 

141  1 

CH3  CH3  CH3 

180 

MOLAR  VOL., 
cm3/MOLE 

128 

184 

EST.  S.  fJ/cm3ll/2 

19.3 

16.2 

table.  Test  data  are  taken  at  decreasing  frequencies,  as 
indicated,  until  termination  of  the  test. 


EXAMPLES  OF  WEIGHT  CHANGE  BEHAVIOR  DUE  TO  IMMERSION 

Various  types  of  immersion  test  response  of  rubbers  are 
illustrated  in  the  following  figures. 

Figure  1  (Silicone  in  DIMP)  shows  a  very  rapid  weight  gain 
process,  essentially  complete  in  about  6  hours,  indicating  a 
large  diffusion  coefficient  of  the  liquid  in  the  rubber. 

Figure  2  (Viton  in  OIMP)  illustrates  a  very  large  weight 
gain,  more  than  240  weight  percent.  This  process  is  complete 
in  about  40  hours.  Figure  3  (Fluorosi 1 icone  in  OIMP)  shows  a 
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TABLE  2 


AMHRC  IMMERSION  TEST  PROCEDURE 


•PREPARE  SPECIMEN  DISK  (1  OR  1-1/2  INCH  DIAMETER) 

•WEIGH  SPECIMEN  TO  0.0001  gm 
•IMMERSE  SPECIMEN  IN  50  ml  LIQUID  FOR  SPECIFIED  TIME 
•REMOVE  SPECIMEN  AND  BLOT  THOROUGHLY  ON  FILTER  PAPER 
•WEIGH  SPECIMEN  IN  TARED  WEIGHING  BOTTLE 
•REIMMERSE  IN  LIQUID 

•REPEAT  AT  APPROPRIATE  TIME  INTERVALS  UNTIL  OCCURRENCE  OF 

•EQUILIBRIUM  WEIGHT  GAIN,  OR 
•PEAK  WEIGHT  GAIN.  OR 
•SIGNIFICANT  WEIGHT  LOSS,  OR 
•SPECIMEN  DISINTEGRATION 

•TYPICAL  IMMERSION  TIMES 

FIRST  DAY:  1,2.3.4.6  HOURS 

SECOND  DAY:  24,30  HOURS 

THIRD  DAY:  48,54  HOURS 

UP  TO  ONE  WEK:  DAILY 

UNTIL  TERMINATION;  WEEKLY  OR  BIWEKLY 


very  Targe  weight  gain  followed  by  disintegration  of  the 
specimen  after  2  days.  Figure  4  (Butyl  in  OIMP)  shows  an 
extremely  slow  weight  gain  process  still  progressing  after 
2  months,  indicating  that  the  diffusion  coefficient  of  DIMP  in 
that  rubber  is  very  small. 

Figure  5  (EPR  in  OIMP)  illustrates  an  itnmediate  and 
steady  weight  loss  process  still  continuing  after  8  days. 

Weight  gain  followed  by  weight  loss  is  evident  in  Figure  6 
(EPDM  in  DCP).  This  suggests  that  weight  gain  and  weight  loss 
are  occurring  simultaneously,  with  the  former  predominating  at 
early  stages,  and  the  latter  one  at  longer  times.  Weight  loss 
is  probably  due  to  extraction  or  leaching  of  some  of  the 
compounding  ingredients  present  in  the  cross-linked  polymer 
network . 

In  Figure  7  (Butyl  in  DCP)  we  see  what  appears  to  be  an 
ideal  Fickian  process,  i.e.,  a  perfectly  linear  weight  gain  as 
a  function  of  the  square  root  of  time  for  more  than  one-half  of 
the  total  weight  gain  process.  Figure  8  (Urethane  in  DIMP) 
illustrates  a  two-stage  weight  gain  process  followed  by 
disintegration  of  the  specimen.  Presumably  the  two-phase 
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FIGURE  2.  Viton  4900  in  OIMP. 


microdomain  structure  of  the  urethane  elastomer  is  responsible 
for  the  individual  weight  gain  steps  ev-dc.t  in  this  test. 

Some  immersion  tests  have  been  conoucted  with  rubber  disk 
specimens,  both  uncoated  and  c-^ated  with  a  f luoroelastomer 
film.  A  comparison  is  shown  '.n  Figure  9  (Nitrile  substrate  in 
OCP).  The  uncoated  specimen  was  highly  susceptible  to  the 
liquid,  gaining  100  weight  percent  in  less  than  1  day.  The 
coated  specimen  undev-ent  little  weight  gain,  only  a  few 
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FIGURE  3.  Fluoros’ 1 icone  FS5C  in  DIMP. 


percent  after  2  months.  This  may  suggest  a  practical  approach 
toward  protection  of  susceptible  military  items  by  a  suitable 
coating  material . 


SOLUBILITY  PARAMETER  PLOTS 


Attempts  have  been  maoe  to  correlate  the  equilibrium 
weight  gains  of  these  rubbers  with  their  solubility  parameters 
{&2) •  maximum  weight  gain  is  expected  for  those  polymers 
whose  62  values  are  very  close  to  the  5^  value  of  the  immersion 
liquid.  Figure  10  is  a  plot  of  the  rubbers  which  have  reached 
an  equilibrium  weight  gain  in  OOP  (5i  value  estimated  as  19.3 
[J/cm^l^^)^  In  general,  the  largest  weight  gains  are  for 
polymers  of  dp  value  in  this  vicinity.  Exceptions  to  this 
trend  are  the  phosphazenes  (PNF)  and  the  silicones  (SIL),  pos¬ 
sibly  because  both  types  do  not  have  carbon-carbon  backbone 
structures. 
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FIGURE  6.  EPDM  EP8A  in  DCP. 


Figure  11  Is  a  similar  plot  of  those  rubbers  which  have 
attained  an  equilibrium  weight  gain  in  DIMP  (6i  value  estimated 
as  ,16.2).  Peak  weight  gains  are  near  values  of  18,  although 
the  Hydrin  (HYD)  shows  a  peak  at  about  22.  This  suggests  that 
the  effective  Sj  value  may  be  higher  than  16.2.  In  addition, 
other  rubbers  with  63  between  18  and  20  exhibit  relatively  low 
values  of  weight  gain,  indicating  further  problems  with  this 
particular  solubility  parameter  correlation.. 

The  above  plots  do  not  express  a  quantitative  estimate  of 
the  expected  weight  gain  or  sorption  of  liquid  by  the  polymers; 
they  simply  indicate  where  on  the  solubility  parameter  scale 
the  maximum  should  occur.  Alternatively,  it  is  possible  to  use 
the  Flory-Rehner  theory  to  estimate  the  magnitude  of  liquid 
sorbed  by  the  polymer  as  a  function  of  the  value  of  {&i  -  62), 
designated  as  as  in  the  plot  of  Figure  12.  Application  of  the 
theory  also  requires  knowledge  of  the  average  molecular  weight 
between  cross-links  (M(-)  for  the  rubber.  As  an  example. 

Figure  12  is  a  plot  of  the  theoretical  volume  fraction  ratio  of 
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FIGURE  7.  Butyl  B7A  in  OCR. 


FIGURE  9.  Imniersion  of  Nitrile  rubber  in  DCP  (uncoated  and  f luoroelastomer  coated) 
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FIGURE  10.  Immersion  of  rubbers  In  OCP. 


DCP  to  polymer,  0i/02.  as  a  function  of  for  three  different 
yalues  of  M(..  Superimposed  upon  these  curves  are  the  experi¬ 
mental  data  points  of  Figure  10,  where  06  =  0  for  the  theory  is 
aligned  horizontally  with  6^  =  19.3  for  the  OCP.  The  experi¬ 
mental  weight  gain  data  have  been  normalized  to  the  organic 
contents  of  the  rubbers,  and  then  converted  from  weight  frac¬ 
tions  to  volume  fractions  to  be  consistent  with  the  01/02 
values  of  the  theory.  It  is  evident  that  most  of-  the  rubbers 
fall  near  to  values  ranging  from  1000  to  5000,  a  reasonable 
result.  Perhaps  the  phosphazenes  and  silicones,  mentioned 
above,  are  more  highly  cross-linked  (lower  values  of  M^),  thus 
falling  well  below  the  curve  for  =  1000. 
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FIGURE  II.  Immersion  of  rubbers  in  GIMP. 


FURTHER  CALCULATIONS 

Immersion  test  data  can  be  used  for  the  estimation  of  the 
diffusion  coefficient  (D)  of  the  immersion  liquid  in  the  poly¬ 
mer  specimen.  Figure  13  indicates  the  method.  The  ti/2  is 
defined  as  the  time  required  for  one-naif  of  the  maximum  weight 
gain.  Similarly,  the  immersion  test  results  can  provide  esti¬ 
mates  of  the  liquid  transmission  rate  or  flux  through  a  given 
thickness,  1,  of  the  polymer  film.  Table  3  shows  the 
derivatirn  for  the  steady-state  permeation  rate. 


SUMMARY  TABLES 

A  summary  of  experimental  weight  gain  data,  estimated 
values  of  diffusion  coefficients,  and  permeability  rates  are 
tabulated  in  Tables  4  through  6  for  a  series  of  commercial 
rubbers  Immersed  separately  in  three  liquids.  The  third  liq¬ 
uid,  OS-2,  is  a  decontaiiiinant  solution  of  complex  composition. 
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FIGURE  12.  Solubility  parameter  plot  of  rubbers  in  DCf 
(theoretical  and  experimental). 
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FIGURE  13.  Diffusion  coefficient  in  polymer  film. 


TRACK  AND  SUSPENSION  RUBBERS 


Similar  immersion  testing  has  been  carried  out  with  a 
series  of  track  and  suspension  rubbers.  Plots  of  weight  gain 
behavior  of  selected  specimens  are  illustrated  in  Figure  14  for 
immersion  in  DCP  and.  In  Figure  15  for  immersion  in  OIMP.  The 
former  shows  a  large  and  rapid  liquid  uptake,  complete  in  about 
1  day.  The  latter  indicates  a  somewhat  smaller  and  less  rapid 
uptake  completed  within  2  days.  Subseauent  weight  loss  in  DIMP 
suggests  extraction  of  compounding  ingredients  from  the 
rubbers. 

Thermogravimetric  analysis  was  used  for  the  estimation  of 
organic  material  content  of  these  proprietary  rubbers. 

Figure  16  is  a  plot  of  the  maximum  weight  gain  in  DIMP  as  a 
function  of  the  organic  material  content  of  the  rubber. 

Although  there  is  significant  data  scatter  due  to  other  unknown 
differences  in  compound  formulation,  the  upward  trend  for  the 
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TABLE  3 


LIQUID  TRANSMISSION  RATE  OR  FLUX  THRU  POLYMER  FILM 


PICK'S  FIRST  UW  OF  DIFFUSION 

J  •  FLUX 

0  -  DIFUS.ON  COEFFICIENT 
C  -  CONC.  OF  LIQUID  IN  FILM  AT  DISTANCE  x 
X  ■  DISTANCE  IN  FILM  FROM  SURFACE 


ASSUME  UNIFORM  CONCENTRATION  GRADIENT 


J 


-D 


C1-C2 

X1-X2 


BUT  xj  -  X2 
ASSUME  C2  •  0 
Cl 

HENCE  J  •  -0 


WHERE  Cl  IS  THE  EQUILIBRIUM  CONCENTRATION 
OF  SORBED  LIQUID 


SBR  compounds  is  clearly  seen.  This  would  be  expected  from  a 
sample  consideration  of  organic  material  and  carbon  black, 
regarding  their  relative  susceptibilities  to  swelling  by 
organic  liquids. 

To  eliminate  the  relative  effects  of  the  fillers,  the 
maximum  weight  gains  of  the  rubbers  were  normalized  to  their 
organic  material  contents.  'Similarly,  the  initial  modulus  of 
the  rubbers  (approximated  by  the  100  percent  modulus)  was, 
divided  by  the  weight  fraction  of  filler  to  provide  a  relative 
measure  of  the  degree  of  cross-linking.  A  plot  of  one  versus 
the  other  is  shown  in  Figure  17.  The  expected  inverse  rela¬ 
tionship  is  evident,  in  spite  of  the  data  scatter,  thus 
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TABLE  4 


WEIGHT  GAIN  DATA  FOR  ELASTOMERS  IMMERSED  IN  VARIOUS  LIQUIDS 


MZIHUH  WEIGHT  CAIX 
n  FEECEMT 


ELASTCHEII 


BS-2 

DCP 

DIMP 

HTSKOCARBOHS 

NAT  lUBBEit  ATO  (uBiTllltP) 

>11 

212 

32 

EP«  £260 

1.0 

11* 

Lost  >13S 

Burn.  6660 

0.04 

2« 

0 

sum.  B7A 

M.2* 

30 

>7.2* 

SBR  1S00 

5.6 

1M 

IN 

EPDM  EP8A 

>2.7* 

8.0* 

=0 

NBf  SUBSCR  R-fA 

1*0 

><fl^ 

2F 

pluiSbocar'^ns 

2.f 

Iff 

33 

VITOM  A900 

0.85 

>5.9* 

2R5 

FUIO2CCABB0N  V7V 

0.9 

>11» 

17R 

SILICONES 

SIUCONC  600 

Fracatnt«d  tfttr  Ot 

10.7 

15.9 

PLUOROSILICONE  FS5C 

>7.7* 

.  40 

Frtj.  sftsr 

SILICONE  S5B 

Loft  >62S 

R« 

168S 

56 

FHosmzcrcs 

PNF-LT 

7.0 

8.8 

87 

fifr-200 

5.3 

3.« 

101 

MISCELUNEOUS 

NITRILE  N7A 

9.T 

119 

73 

NEOPRENE  C6A 

O.T* 

102 

62 

HT7AL0N  H8E 

Fraiatflttd  tfttr  -25t 

105 

73 

URETHANE  P6E 

Fri|a*Bt«d  tfttr  -20t 

>16»» 

Frs*  sftsr  *98S 

VAHAC  Mis 

-ft 

2ft 

155 

Y6e 

l*f 

177 

•E«p»rlB«nt  CoBtlBolnA 
^Th«B  lost  w«i(ht  abruptly 


indicating  that  the  more  highly  cross-linked  rubbers  tended  to 
pick  up  less  of  the  DCP. 


SUMMARY  AND  CONCLUSION 

Immersion  testing  constitutes  a  useful  method  for 
screening  of  rubber  materials  to  the  effects  of  organic 
liquids.  In  addition  to  the  simple  quantity  of  weight  gain, 
the  experimental  data  can  provide  estimates  of  other  funda¬ 
mental  parameters  of  interaction,  such  as  diffusion  coeffi¬ 
cients  and  permeability  rates.  Some  correlation  of  data  has 
been  achieved  by  use  of  solubility  parameter  concepts.  Further 
analyses  have  been  performed  with  the  track  rubber  immersion 
results  to  provide  some  rough  correlations  with  gross  estimates 
cf  compound  formulation  and  rubber  morphology.  The  results 
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TABLE  5 


DIFFUSION  COEFFICIENT  VALUES  FOR  ELASTOMERS  IMMERSED  IN  VARIOUS 
LIQUIDS 


DIFFUSION  COEFF 

IN  10"*ea*/s«o 

EUSTOHBt 

DS-2 

DCF 

DIHF 

HYCROCAIIBONS 

XAT  lUSBEX  *70  (unfllltd) 

♦ 

9.5 

5.9 

tPIt  6260 

2.3 

* 

* 

avnn.  666o 

♦ 

*.6 

*■ 

euni.  B7* 

<0.21« 

2.7 

<0.17* 

3BR  1600 

0.6* 

11 

0.36 

EP01  EPSA,.  .  . 

<0.*0* 

A 

<  2.6 

13 

rUIOROCARBONS 

1.3 

21.0 

7.7 

YITOH  *900 

1.9 

. <0.039* 

5.6 

FLUOROCARBON  V7D 

63 

<0.19* 

8.9 

BILZCONES 

NILICCNE  600 

♦ 

100 

53 

FLUOROSILICONE  FS5C 

<0.31^ 

130 

♦ 

SILICONE  S6B 

♦ 

62 

37 

PHOSPHAZENES 

PNF-LT 

6.2 

11 

17 

PNr-200 

15 

2.3 

16 

HISCEUANEOUS 

NITRILE  N7A 

K8‘ 

30 

9.7 

NEOPRENE  eSA 

♦ 

IS 

7.* 

HTPALON  H8E 

♦ 

7.7 

,1.5 

URETHANE  POE 

♦ 

6.*a  « 

*.1  a 

VAMAC  n«E 

ai7 

<0. 10  6 

10 

<0.37  6 
6.3 

HYONIN  Y«6 

0.7? 

7.6 

I.S 

InsuffloUnt  Dita 


^  First  sorption  proetss 
0  8«<ond  sorption  proetss 


described  in  this  presentation  can  serve  as  the  core  of  a 
materials  interaction  data  base. 
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TABLE  6 


PERMEABILITY  RATES  KOR  iELASTOMERS  IMMERSED  IN  VARIOUS  LIQUIDS 


CALCULATED  FLUX  TMROtXIH 
FIW  IN  10"*  gm 

0.010-INCH 

ear'.sse 

tUSTOMn 

D3-2 

OCP 

DIMP 

RYSRbClRBOIIS 

lAT  XUZSEIt  *70  (unftlltd) 

♦ 

7136 

670 

CP*  6260 

11 

♦ 

♦ 

BOTTL  6660 

♦  g 

519 

♦  M 

Burn.  B7i 

*.Z* 

383 

5.7* 

SB*  1500 

a  , 

7*83 

2* 

FLUOROCAR^S 

5.2* 

40 

fllS* 

1100 

IF 

16,7X0 

7/1 

flTOM  A900 

12 

16' 

10,260 

PLUOSOCUBO*  T70 

126 

11,580 

aiLICONCB 

SILZCCNC  600 

11» 

505* 

3982 

FLU0*03ILIC0MC  PSSC 

2*. 560 

<* 

SILICONE  S5B 

♦ 

12,890 

9788 

FHCrPHAZENCS 

PNF-LT 

322 

725 

11,060 

PNF-200 

591 

58 

12,090 

HISCEUANEO'JS 

NITIILE  *7A 

ao 

16,860 

33*5 

XEOPPENE  C6A 

♦ 

8673 

2168 

HTPALON  H8C 

♦ 

3817 

520 

UBCTKANt  P6t 

♦ 

*38«a  - 

387*9 

520" 

V/kMAC  MSH 

31 

13,100 

4620 

HV5RIN  'fit 

7r< 

7530 

13/60 

'Currtnt  Eatiuta 

dFi.'st  sorption  proc«5S 

65acond  sorption  process 
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%  Weight  Gain 


2C0 


TracK 

t^Mbbei'  Samples  in  DCP 
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FIGURE  15.  Plot  of  weight  gain  for  specimen  immersed  in  OIMP. 
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PROPERTIES  OF  ELASTOMER  BLENDS 


EMILY  A.  McHUGhI,  EUGENE  WILUSZ^ 

(1)  Polymer  Research  Division,  U.S.  Army  Materials  and 
Mechanics  Research  Center,  Watertown,  Massachusetts  02172; 

(2)  U.S.  Army  Natick  Research  and  Development  Center,  Natick, 
Massachusetts  01760 


The  objectives  of  this  study  are  to  prepare  and  charac¬ 
terize  blends  of  two  elastomers  as  a  function  of  composition 
and  compounding  ingredients,  and  to  determine  the  effects  on 
mechanical  properties  and  the  interaction  with  chemical  agent 
simulants.  Samples  of  neoprene  and  hydrin  rubbers  and  blends 
of  varying  composition,  both  with  and  without  carbon  black 
loading,  were  prepared  at  the  U.S.  Army  Natick  Research  and 
Development  Center.  Three  types  of  hydrin  rubber  were 
included:  Hydrin  100,  the  epichlorohydrin  homopolymer.  Hydrin 
200,  a  copolymer  with  ethylene  oxide,  and  Hydrin  400,  a 
terpolymer.  Tg  behavior  for  the  Neoprene-Hydrin  100  system 
indicates  that  these  two  elastomers  are  incompatible,  and 
suggests  that  this  is  also  true  for  the  Hydrin  200  and  Hydrin 
400  systems.  Results  illustrate  the  significance  of  blend 
composition  and  carbon  black  loading  on  the  100  percent  modulus 
and  swelling  characteristics. 
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VAPOR  INTERACTIONS  WITH  A  PHASE  SEGREGATED  POLYURETHANE 


CARYN  F.  MEE,  ROSEMARY  GOYDAN,  NATHANIEL  S.  SCHNEIDER 

U.S.  Army  Materials  Technology  Laboratory,  Polymer  Research 

Division,  Watertown,  Massachusetts  02172-0001 


ABSTRACT 

Heterophase  polymers  represent  a  class  of  increasingly  import¬ 
ant  materials,  exemplified  by  the  several  varieties  of  thermo¬ 
plastic  elastomers  of  which  the  segmented  polyurethanes  are 
the  most  important  representative.  The  response  of  the  poly¬ 
urethane  to  solvent  exposure  will  depend  on  whether  swelling 
is  limited  to  the  soft  segment  phase  or  also  affects  the  hard 
segment  domains.  Incremental  sorption  measurements  with 
hexane  vapor  in  an  Estane  polyurethane  result  in  a  low  solu¬ 
bility  and  uncomplicated  sorption  and  diffusion  behavior. 
This  suggests  that  swelling  is  1 -mlted  to  the  elastomeric 
matrix.  With  orthodichlorcbenzene,  high  sorption  levels  and 
two  stage  sorption  behavior  are  observed.  The  two  stage 
behavior  is  analyzed  by  a  combined  Fickian  and  relaxation 
model  and  suggests  the  occurrence  of  hard  segment  swelling. 


INTRODUCTION 

The  current  military  applications  for  segmented  polyure¬ 
thanes  are  three  fold-  as  a  flexible  lens  in  the  current  Air 
Force  version  of  the  Army  XM30  mask;  as  a  moisture  permeable, 
but  waterproof,  coating  for  clothing;  and  as  a  candidate  for 
tank  track  pads.  The  military  is  investigating  the  effects  of 
CW  agents  on  these  polymers  to  gain  an  understanding  of  the 
factors  controlling  the  rate  and  extent  of  contamination  by 
hazardous  chemicals.  The  present  work  was  carried  out  to 
determine  how  the  two  phase  structure  of  a  typical  polyure¬ 
thane  elastomer  effected  the  interaction  with  two  different 
types  of  solvents. 

The  polyurethane  used  in  this  study  is  an  Estane  material 
produced  by  B.  F.  Goodrich.  The  soft  segment  is  a  1000  mole¬ 
cular  weight  polytetramethlyeneoxide  (PTMO).  The  urethane 
segment  consists  of  diphenyl  methyl  diisocyanate  (MOD  extend¬ 
ed  with  butanediol  (BD).  The  components  exist  in  a  molar 
ratio  of  3:2;I  respectively,  ^hich  corresponds  to  52S  by 
weight  soft  segment.  The  soft  segment,  which  is  flexible  at 
room  temperature,  has  a  T  of  -80*C  whereas  the  hard  segment 
has  a  rather  high  T  of  T30*C.  The  hard  segment  undergoes 
phase  segregation  di*  to  its  incompatibility  with  the  soft 


segment  matrix,  thereby  creating  a  morphology  consisting  of 
discrete  glassy  domains  dispersed  in  a  rubbery  matrix. 


EXPERIMENTAL 

Incremental  vapor  sorption  experiments  were  carried  out  using 
a  vacuum  system  as  diagrammed  in  figure  1.  After  evacuating 
the  system,  a  sample  of  known  dry  weight  was  suspended  from 
the  quartz  spring  balance.  The  sample  chamber  was  then  closed 
off  and  the  pressure  in  the  ballast  volume  was  set,  using  the 
vapor  source,  to  obtain  the  desired  vapor  activity.  The  sample 
chamber  was  then  opened  to  the  vapor  in  the  ballast  volume  at 
a  time  designated  as  t=0.  The  displacement  of  the  quartz 
spring  balance  was  recorded  as  a  function  of  time  until  a 
stable  weight  was  reached.  The  sample  chamber  was  then  closed 
off  and  the  ballast  volume  was  set  to  the  next  incremental 
pressure  step.  This  procedure  was  repeated  until  a  full  range 
of  vapor  activities  was  traversed. 


RESULTS  AND  DISCUSSION 

Experiments  were  performed  with  both  n-heptane,  a  nonpolar 
solvent,  and  orthodichlorobenzene,  ODCB,  a  polar  aprotic 
solvent.  The  results  from  the  liquid  immersion  studies  show 
that  the  sample  reached  a  maximum  uptake  of  -6.5%  when  immersed 
in  n-heptane  and  230%  when  immersed  in  ODCB.  This  rather  large 
weight  gain  is  also  characteristic  of  the, high  degree  of 
swelling  expected  from  CW  agen^  HO. 


The  vapor  sorption  results  from  the  heptane  studies  corre¬ 
spond  to  ideal  Fickian  diffusion.  The  weight  uptake  as  a 
function  of  time  can  he  calculatet  from  Crank's  solution  of 
Pick's  law  for  diffusion  in  a  plane  sheet  (1).  The  sorption 
process  is  linear  with  the  square  root  of  time  over  the  ini¬ 
tial  70%  of  the  weight  uptake  and  then  rapidly  attains  its 
equilibrium  weight  as  seen  in  figure  2.  The  equilibrium 
values  obtained  from  the  plateau  portion  of  the  sorption  curve 
can  be  described  by  Henry's  Law,  C“KP,  (K^solubility  coeffi¬ 
cient)  where  the  sorbed  concentration,  or  percent  sorption,  is 
proportional  to  the  vapor  pressure  (see  the  lower  curve  in 
figure  3).  The  diffusion  coefficient  increases  linearly  with 
concentration  and  shews  good  agreement  for  sorption  and  de¬ 
sorption  runs  (see  figure  4). 

With  ODCB  the  sorption  isotherm  (upper  curve  in  figure  3) 
shows  pronounced  upward  curvature  above  an  activity  of  0.4. 
The  sorption  of  ODCB  results  in  various  nonFickian  anomalies. 
At  low  activities  the  sorption  and  desorption  curves  are 
Fickian  in  appearance  (figure  5).  However,  the  curve  for  de¬ 
sorption  lies  above  that  for  sorption  (figure  6).  This  is  in 
conflict  with  Fick's  law  which  requires  that  sorption  bo 


Figure  2.  Sorption  Time  Behavior 
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faster  than  desorption  when  the  diffusion  constant  increases 
with  concentration  as  expected  here.  At  intermediate  activi¬ 
ties  the  sorption  process  shows  a  marked  departure  from 
Fickian  appearance  (figure  7)  which  becomes  increasingly 
evident  at  still  higher  activities  where  two  stage  behavior  is 
observed  (figure  8).  The  desorption  curves  generally  remain 
Fickian  in  appearance. 

The  two  stage  sorption  curves  have  been  analyzed  by  a 
model  proposed  by  Berens  and  Hopfenberg  (if).  In  this  model 
the  total  amount  of  sorption  is  assumed  to  be  the  sum  of 
independent  contributions  from  two  processes;  that  due  to 
Fickian  diffusion  and  to  relaxation: 

where: 

Hj.  ■  total  amount  of  sorption  (gms)  at  time  T. 

Mj  p  »  weight  uptake  due  to  Fickian  diffusion  (gms). 

0  *  weight  uptake  due  to  relaxation  of  polymer 
(gms). 
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Mj  c  Is  the  Fickian  contribution  as  described  by  F1ck‘s 
first  law  and  Involves  the  diff’jsion  constant,  0,  and  the 
equilibrium  Fickian  uptake  «  Is  the  relaxation 

contribution  described  by  a  fir^t  ord4f"rate  equation  which 
depends  on  the  rate  constant  k-  and  the  total  uptake  due  to 
relaxation  j,.  The  parameters  were  obtained  by  assumlnq 
that  the  long ’time  second  stage  sorption  was  due  solely  to 
relaxation  and  by  fitting  the  data  to  a  first  order  rate 
equation  In  the  linearized  form  obtained  by  plotting  log  (M- 
-  M,  )  versus  log  (T).  The  earlier  time  data  was  then  treated 
In  a  similar  r'ashlon  to  obtain  the  Fickian  constants  by  sub¬ 
tracting  the  relaxation  contribution  based  on  the  parameters 
which  had  been  determined  from  the  relaxation  process. 

The  concentration  dependence  of  0  for  the  films  of  three 
different  thicknesses  as  obtained  from  desorption  runs  Is 
shown  In  figure  9.  The  sorption  runs  yield  similar  curves, 
using  the  values  of  D  obtained  from  the  Berens/Hopfenberg 
analysis  of  the  two  stage  behavior  which  occurs  at  Inter¬ 
mediate  and  high  activities.  The  pronounced  maximum  In  0 
versus  concentration  Is  unusual  and  Is  difficult  to  explain. 
The  marked  thickness  dependence  apparent  in  the  figure  Is 
largely  an  artifact,  due  to  the  need  to  correct  for  pressure 
changes  which  occur  during  the  run  as  a  result  of  the  low 
vapor  pressure  of  the  solvent  and  the  high  solubility  of  the 
solvent  In  the  polymer.  The  necessary  equations  are  presented 
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a  »  n  100  us  uo  in 

Flnil  Cone  (gmi  viporlgm  dry  polyrntf)  * 


Figure  9.  Thickness  Dependent  -  D  vs.  C  Behavior 


in  Crank,  but  could  not  be  applied  in  the  time  available.  The 
trend  of  the  relaxation  rate  constants  with  concentration,  in 
figure  10,  is  also  unexpected.  In  a  glassy  polymer,  k-  should 
increase  with  solvent  concentration  and  with  corresponding 
increases  in  free  volume  and  segmental  mobility.  However,  the 
data  in  figure  10  show  a  uniform  decrease  in  kp  with  increas¬ 
ing  concentration  for  all  thicknesses. 


CONCLUSIONS 

The  results  show  that  the  sorption  of  heptane,  a  non  polar 
solvent,  follows  classical  Fickian  behavior.  This  implies 
that  the  sorption  is  limited  to  the  soft  segment  phase  and 
does  not  perturb  the  hard  segment  structure.  With  ortho¬ 
dichlorobenzene,  strong  swelling  occurs  accompanied  by  two 
stage  sorption  behavior  and  various  types  of  anomalies.  The 
results  strongly  suggest  that  solvent  interactions  occur  with 
the  hard  as  well  as  the  soft  segment  phases.  However,  the 
anomalies,  such  as  the  maximum  in  the  D  versus  C  curve,  cannot 
be  explained  simply  by  the  occurrence  of  sorption  at  different 
rates  in  the  soft  and  hard  segment  phases  (3).  While  it  is 
difficult  to  offer  a  physical  explanation  or  this  behavior.  It 
is  not  peculiar  to  the  polyurethanes.  An  equally  pronounced 
maximum  in  D  versus  C  has  been  reported  in  SBS  triblock  co- 
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Figure  10.  vs.  C  Behavior 


po1>iers  and  might  prove  to  be  characteristic,  in  some  general 
way,  of  segmented  and  block  copolymers  with  glass  microdo¬ 
mains. 
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REINFORCEMENT  OF  TRACK  PAD  ELASTOMERS  FOR  GREATER  MILEAGE 


ANTHONY  L.  ALESI^,  PAUL  TOUCHET?,  JACOB  PATT^ 

(1)U.  S.  Army  Materials  and  Mechanics  Research  Center, 
Watertown,  Massachusetts  02172-0001;  (2)U.  S.  Army  Bel  voir  R&D 
Center,  Fort  Belvior,  Virginia;  (3)'J.  S.  Army  Tank  and 
Automotive  Command,  Warren,  Michigan. 


INTRODUCTION 


The  rubber  pads  with  which  tracked  combat  vehicles  travel 
on  roads  and  cross  country  are  generally  subjected  to  severe 
use.  Service  life  measured  in  miles  is  low  and  replacement, 
costs  per  mile  are  high.  The  M-1  Tank,  the  nation's  newest, 
heaviest,  and  fastest,  is  the  prime  example. 

It  is  possible  to  conclude  from  a  long  history  of  formu¬ 
lating  track  pad  compounds  that  conventional  rubbers  cannot  be 
significantly  further  improved  in  durability.  Reinforcement  of 
elastomers,  conventional  and  otherwise,  is  now  being  considered 
and  tested  as  a  possible  approach  to  greater  mileage, 
paper  outlines  how  short  fibers  and  continuous' cords  are' being 
tried  to  improve  the  wear  properties  of  conventional ■ rubbers. 


WORK  IN  PROGRESS 

Proprietary  tank  pad  elastomeric  materials  and  off-the- 
road  tire  (OTR)  compounds  have  been  obtained  from  industry  to 
develop  a  data  base.  As  part  of  the  overall  support  program, 
the  physical  and  dynamic  properties  of  these  materials  are 
being  obtained  for  later  use  to  determine  whether  field  perfor¬ 
mance  can  be  correlated  with  laboratory  results.  This  is  being 
done  in  such  a  way  that  all  compounds  are  coded  to  retain 
vendor's  privacy.  To  date,  more  than  17  OTR  compounds  from  six 
suppliers  and  more  than  20  tank  pad  compounds  from  eight  sup¬ 
pliers  have  been  evaluated.  At  least  six  OTR  compounds  are 
being  considered  for  fabrication  into  experimental  tank  pads. 

Materials  containing  short  fibers  have  been  mixed  in  house 
and  also  obtained  from  industry  for  laboratory  evaluation. 
Although  laboratory  data  do  not  indicate  outstanding  proper¬ 
ties,  OTR  compounds  containing  fiber  reinforcement  have 
exhbited  marked  Improvements  in  service  life  of  tires  used 
under  severe  conditions.  Property  data  for  OTR  compounds, 
proprietary  tank  pad  rubbers,  and  fiber  reinforced  rubbers  are 
given  in  Tables  1,  2  and  3,  respectively.  Evaluation  of 
additional  compounds  is  continuing. 
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Treated  Cellulose  Fiber  Kevlar 

Pulp 


Short  fiber  reinforced  rubber  will  be  tested  on  a  i^i-1 
tank.  Fiberglass  (Owens  Corning  RICS)  has  been  incorporated  to 
the  extent  of  5  percent  in  the  Red  River  Army  Depot  14A  :ri- 
blend  (Natural/SBR/Butadiene)  and  will  be  tested  in  the  field 
this  summer.  Other  fibers  that  will  be  tried  include  treated 
cellulose  fiber  (Monsanto  Santcweb),  nylon  and  aramid.  Mber- 
glass  tire  cord  has  also  be  molded  into  track  shoes  for  Field 
testing  this  summer.  These  have  been  spaced  in  the  horizontal, 
vertical,  and  45  degree  planes  to  determine  the  effect  of  cord 
orientation.  Nylon  and  aramid  cords  will  be  tested  later. 

Elastomers  other  than  conventional  rubbers  are  alsc  under 
evaluation.  Thermosetting  cast  polyurethanes  and  thermoplastic 
co-polyester  (Ou  Font's  Hytrel)  will  be  in  this  summer's  field 
test.  The  polyurethanes,  were  selected  on  the  basis  of  hys¬ 
teresis  characteristics  and  chemical  composition.  With  the 
wide  range  of  hysteresis  values  present,  it  may  be  possible  to 
establish  a  limit  below  which  catastrophic  blowout  of  the  track 
pad  can  be  avoided.  The  different  chemistries,  listed  below, 
may  be  identified  with  resistance  to  wear. 


Di isocyanate 

Polyqlycol 

Curat 

1^ 

1. 

TOI  (Toluene  diiso¬ 
cyanate) 

Polyether 

MOCA  (methyl 6 
o-chloroane 

:ne-bis 
ine)  , 

2. 

TO  I 

Polyester 

MOCA 

3. 

MOI  (methylene-bis- 
p-phenyl iso¬ 
cyanate) 

Polyether 

Polyol 

4. 

MOI 

Polyether 

Amine 

5. 

TOI 

Polyester 

Amine 

6. 

NOI  (napthalene 
di isocyanate) 

Polyester 

Glycol 

i 

i 

All  the  polyurethane  were  in  the  Shore  A  hardness  n 
74  to  89.  The  second  formulation  in  the  above  tabulatiN 
also  cast  into  an  aluminum  sponge  reinforcement  that  wqi 

range  of 
on  was 
jld 

stiffen  the  pad  and  dissipate  the  heat  from  hysteresis 


ARYLOXYPOLYPHOSPHAZENE  APPLICATIONS:  NON-HALOGENATED  FIRE 
RETARDANT  SPECIALTY  POLYMERS 

WARREN  B.  MUELLER 

Ethyl  Corporation, Ethyl  Tower, 451  Florida, Baton  Rouge, La,  70801 


Polyphosphazene  polymers  represent  a  class  of  semi- inor¬ 
ganic  polymers  possessing  virtually  unlimited  synthetic  versa¬ 
tility.  The  alternating  nitrogen  and  phosphorus  backbone  with 
two  labile  chloride  groups  on  the  phosphorus  atom  provides  the 
starting  point  for  a  variety  of  synthetic  pathways  leading  to 
polymers  which  can  be  tailor  made  to  fit  a  wide  range  of  end 
use  applications.  The  details  of  polyphosphazene  synthesis  have 
been  published  elsewhere'  and  can  be  succinctly  summarized  in 
the  following  manner: 


Ki 


Cl 


Cl. 


Cl 


ht*c 


Cl 


/"V. 


'  Cl 


c*caly*t 


fi  -  i  ^ 


TTl»€r 


Chlere-  Aryloxypoly- 

polyMr  phoiphtxtn* 

lYni,®A  Pelyixr 


Early  investigators  recognized  that  a  nearly  limitless 
variety  of  substituents  could  be  attached  to  the  inorganic  back¬ 
bone  to  modify  polymer  chemical  and  mechanical  properties.  Ap¬ 
plications  work  originally  funded  by  the  Navy^  and  later  carried 
on  elsewhere,  including  the  Ethyl  Corporation,  determined  that 
true  elastomers  possessing  inherent  flame  retardance  with  low 
smoke  characteristics  could  be  produced  from  polyphosphazene 
chloropolymer  which  nad  been  substituted  with  phenoxy  and  sub¬ 
stituted  phenoxy  groups.  The  importance  of  this  observation  has 
continued  to  grow  in  significance  as  fire  safety  research  has 
indicated  a  need  to  achieve  flame  retardance  in  some  product  ap¬ 
plications  without  the  use  o^  halogenated  polymers  or  additives. 

An  application  which  has  developed  a  tremendous  amount  of 
interest  in  fire  resistant  material  is  the  shipboard  insulation 
area,  where  a  combination  of  factors  such  as  ship  layout,  large 
crew  population,  and  a  requirement  for  the  highest  level  of 
operational  readiness  has  prompted  the  U.5.  Navy  to  actively 
pursue  materials  which  are  flame  retardant,  low  smoking,  and 
produce  combustion  products  with  relatively  low  toxicity  and 
corrosivity^. 
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Ethyl  Corporation  has  developed  a  low  density  toam  insu¬ 
lation  based  on  EYPEL-A  Aryloxypolyphosphazene  which  meets  the 
Navy's  desired  end-use  properties.  EYPEL-A  Foam  Insulation  can 
be  processed  on  conventional  rubber  compounding  equipment  fol¬ 
lowed  by  heat  activation  of  a  chemical  blowing  agent  to  give  the 
desired  closed-cell  foam  structure.  Typical  properties  for  4.0 
Ib/ft^  foam  are  given  in  Table  1,  but  these  can  be  significant¬ 
ly  varied  by  choosing  different  density  targets. 


TABLE  1 

EYPEL-A  INSULATION  FOAM  PROPERTY  SPECIFICATIONS 


Flammaoility 

Test  Methods,  Units  Typical  Value 

Limiting  Oxygen  Index 

ASTM  D-2863  ■ 

46 

NBS  Smoke  Density 

ASTM  E-662  Non-Flaming 

25 

Flaming 

49 

Surface  Burning 

ASTM  E-84  Flame  Spread 

20 

Characteristics* 

@  Smoke  Developed 

60 

NBS  Quarter  Scale 

No 

Test 

640  BTU/min  heat  input 

Flashover 

Mechanical 

Density 

ASTM  D-1622,  Ib/ft^ 

4.0 

Compressive  Resistance 

ASTM  D-1056,  psi 

2.0 

Tensile  Strength 

ASTM  D-412,  psi 

17.0 

Compression  Set 

ASTM  D-1667,  % 

25.0 

Noise  Reduction 

Coefficient 

ASTM'C-423  at  1.0  inch 

■  .3 

Thermal  Conductivity 

75®F  mean 

ASTM  C-518 

.28 

140°F  mean 

BTU- in/hr.  ft^.^F’, 

.31 

Otner 

Water  Vapor 

ASTM  C-355  wet  cup, 

Permeability 

pern- in. 

.19 

Oil  Resistance 

MIL-1528UH,  4.6.9 

No  Swell 

Dimensional  Change 

•  MIL-15280H,  4.6.8,  % 

.8 

*  The  flamespread  rating  determined  by  ASTM  E-84  under  control¬ 
led  laboratory  conditions  is  not  intended  to  reflect  the  fire 
risk  presented  by  this  or  any  other  material  under  actual  fire 
conditions. 
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In  numerous  NBS  Quarter  Scale  Flammability  Test  runs. 
Ethyl's  EYPEL-A  Foam  Insulation  has  met  the  Navy's  targeted  re¬ 
quirement  of  no  f lash-over‘+.  In  addition,  specially  instrument¬ 
ed  tests  have  shown  that  EYPEL-A  Foam  Insulation  is  not  only 
fire  retardant  but  also  acts  as  a  fire  blocking  material  which 
provides  fire  protection  to  underlying  substrates^.  As  a  closed 
cell  elastomeric  foam,  EYPEL-A  Foam  Insulation  functions  as  a 
superb  water  vapor  barrier  and  is  easily  fabricated  and  instal¬ 
led  with  readily  available  contact  adhesives.  While  a  judicious 
choice  of  compounding  ingredients  is  necessary  to  achieve  the 
high  levels  of  flammability  performance  exhibited  by  EYPEL-A 
Foam  Insulation,  the  inherent  flammability  is  determined  by  the 
fire  resistant  nature  of  the  polyphosphazene  polymer. 

Potential  EYPEL-A  Foam  Insulation  shipboard  applications 
include  submarine  thermal/acoustical  insulation,  bulkhead  ther¬ 
mal/acoustical  insulation,  elastomeric  foam  pipe  insulation, 
and  HVAC  duct  insulation.  In  addition  to  the  high  performance 
fire  retardance  properties  offered  by  Ethyl's  EYPEL-A  Foam  In¬ 
sulation,  it  also  has  the  potential  for  providing  more  effi¬ 
cient  installation  than  some  presently  used  materials. 

Prelimifiary  evaluations  of  EYPEL-A  Foam  Insulation  in 
acoustic  applications  are  underway  to  study  the  sound  absorp¬ 
tion  and  sound  transmission  loss  characteristics  of  specially 
designed  and  constructed  EYPEL-A  Foam  Insulation  composite  ma¬ 
terials.  Presently  used  materials  in  these  applications  are 
often  difficult  to  fabricate,  labor  intensive  to  apply,  and  un¬ 
pleasant  to  work  with. 

Wire  anu  cable  jacketing  is  another  application  generating 
a  high  level  of  interest  in  flame  retardant,  low  smoke  material 
with  no  halogen  content.  Plenum  wire  &  cable  is  a  particularly 
active  area  because  of  new  demands  being  placed  on  the  plenum 
areas  of  office  buildings  by  the  upcoming  "computerized  office". 

More  immediate  concern  for  high  performance  wire  &  cable 
jacketing  having  high  levels  of  flame  retardance  with  low  smoke 
generation,  and  low  toxicity  combustion  products  is  clearly 
spelled  out  in  Mil-C-24640,  the  Navy's  new  specification  for 
lightweight  shipboard  cable.  In  a  move  away  from  PVC  jacketed 
cables,  Mil-C-24640  specifically  limits  halogen  content  to  .2% 
by  weight.  EYPEL-A  Wire  &  Cable  Jacketing  has  passed  all  of  the 
Mil-C-24D40  specifications  for  which  it  has  been  tested,  includ¬ 
ing  the  IEEE-383  vertical  burn  test.  Typical  properties  for 
EYPEL-A  Wire  &  Cable  Jacketing  are  given  in  Table  2  and  compared 
to  navy  targets  outlined  in  Mil-C-24640. 
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TABLE  2 


EYPEL-A  WIRE  &  CABLE  JACKET  COMPOUND 
PROPERTIES 

Mil-C  24640 


' 

Typical  Value 

Spec.  Minimum 

Tensile  Strength  (psi) 
Elongation  (%) 

1420 

1300 

360 

160 

Tear  Strength  (psi) 

76 

35  . 

Halogen  {%  max) 

.05 

0.2 

Water  Absorption 
(mg/in^,  max) 

7 

(25  draft) 

Heat  Aging  Dry  &  Oil 
Tensile  %  orig 

100-112  iJof. 

60 

Elongation  %  orig 

45-65  Dry 

60 

Flame  Propogation 
(IEEE  383) 

Passed 

Pass 

Smoke  Index  (max) 

17 

25 

Acid  Gas,  (%  max) 

0 

2 

LOI 

44 

-- 

Durometer  Shore  A 

80 

80 

Cable  production  on  commercial  equipment  has  shown  EYPEL-A 
Wire  &  Cable  Jacketing  compound  to  be  easy  to  extrude  and  handle 
with  the  ability  to  effect  final  crosslinking  using  heat  or 
radiation.  In  addition  to  its  excellent  flammability  character¬ 
istics,  EYPEL-A  Wire  &  Cable  Jacketing  has  exhibited  excellent 
resistance  to  ASTii  #1,  *2,  and  it3  oils  (low  volume  swell)  and 
in  initial  laboratory  testing  has  demonstrated  the  potentid 
for  receiving  a  UL  1250C  temperature  rating. 

In  conclusion,  EYPEL-A  Polyphosphazenes  comprise  a  versa¬ 
tile  family  of  polymers  which  can  be  designed  to  optimally  serve 
many  potential  end  uses.  With  general  properties  such  as  high 
performance  flame  retardance,  low  smoke  development,  low  toxic¬ 
ity  combustion  products  and  non-halogenated  composition,  EYPEL-A 
Polyphosphazanas  are  particularly  well  suited  to  tackle  today's 
end  use  applications  where  maximum  fire  safety  is  an  important 
product  performance  requirement  in  addition  to  mechanical  prop¬ 
erty  characteristics. 
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FNHANCEMENT  OF  RUBBER  PROPERTIES  VIA  SHORT  ARAMID  FIBERS 


ANDREW  P.  FOLDI 
C  &  C  Consultants 
2833  W.  Oakland  Drive 
Wilmington,  DE  19808 


INTRODUCTION 

In  the  rubber  industry,  especially  in  the  tire  and  mechanical 
goods  sectors,  carbon  black  has  been  used  traditionally  as  a  most 
.effective  reinforcing  agent  However,  the  improvements  in  tensile 
properties  —  obtained  through  higher  and  higher  loadings  of  carbon 
black—  are  offset  both  by  increasing  processing  difficulties  and 
by  deterioration  of  other  properties,  especially  neat  buildup.  With 
compounds  of  very  low  green  (i.e.,  uncured)  strength,  adding  more 
carbon  black  to  improve  cured  tensile  properties  leads  to 
unacceptably  high  levels  of  breakouts  and/or  baqginess  on  the 
rubber  mill  rolls,  in  addition,  increased  levels  or  carbon  black 
cause  drastic  changes  in  curing  behavior,  usually  making  the 
compound  too  scorchy.  Also,  carbon  blacks  cannot  be  used  for  light 
colored  compounds,  for  obvious  reasons.  By  using  the  appropriate 
short  fibers  —  at  relatively  low  loadings  —  one  can  both  avoid 
some  of  the  above  problems  and  also  impart  many  desirable, 
up-to-now  unobtainable  properties  to  rubber  articles. 

The  use  of  short  fibers  is  not  new,  but  only  recently  have 
short  fiber  forms  been  developed  solely  or  mainly  as  an  engineered 
reinforcement  of  rubber.  With  the  development  of  these  new 
reinforcing  fibers  came  systematic  studies  on  how  these  fibers 
influenced  various  basic  properties  of  the  fiber/rubber  composite 
systems  (References  I  to  5),  This  paper  deals  with  the 
reinforcement  of  various  rubber  compounds  by  short  aramid  fibers, 
both  staple  and  “pulp".  It  describes  how  these  improvements  are 
obtained,  and  points  out  the  most  common  pitfalls. 


EXPERIMENTAL 


Specimens 

The  aramio  pulp  used  in  these  investigations  was  a 
commercial  product  of  the  Du  Pont  Company  known  as  “Dry  Kevlar® 
Pulp,  Merge  6F218"  with  a  nominal  average  fiber  length  of  2  mm 
(for  detailed  description  see  Reference  5;.  This  unique  miaterial 
consists  of  short,  random-length  fibers  of  varying  cross-section 


KivUr*  Is  a  Ra^lslarad  Tpadamark  of  Ifta  0«  Pool  Company 
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with  fibri!ls  extending  over  the  entire  surface.  The  high  length 
over  diarrteter  ratio  of  the  fiber  core,  coupled  with  the  high 
surface  area  provided  by  the  fibrils,  causes  good  mechanical 
locking  to! the  rubber  matrix,  especially  under  tension.  This  pulp 
exhibits  h|qh  tensile  modulus  and  strength  as  well  as  the  inherent 
thermal  ahd  chemical  stability  associated  with  all  aramids. 

i 

Thelaramid  staple  was  produced  from  1.5  dpf  (denier  per 
filament),!  12  pm  diameter  Kevlar®  yam  by  precision  cutting  to 
1/16  inch!  ('*16  mm)  staple  length  which  is  comparable  to  the 
average  pulp  length  During  the  vigorous  processing  steps  both  the 
pulp  and  the  staple  retain  their  original  lengths,  unlike  glass 
which  breaks  up  severely  Unlike  asbestos,  these  aramid  fibers  — 
which  had'  ho  adhesive  treatment  on  the  surface  —  have  shown  no 
adverse  physiological  effects. 

Sample  pHeparation 

A!!  [samples  were  prepared  by  adding  the  fibers  onto  a 
rubber  mi|l  during  compounding  of  the  rubber  Good  mixing  and 
diSD3rsion|  could  be  achieved  with  the  staple  (up  to  20  phr)  by 
using  the  Customary  "cut  and  fold"  a^d  "ciganng"  methods.  Above 
this  levet  jof  loading,  clumping  of  the  fiber  is  very  likely  to  occur. 
These  fiber  clumps  cannot  be  removed  by  further  processing  of  the 
rubber,  and  become  a  site  of  weakness  With  the  pulp,  this 
method  ofl’spnnkling"  the  fibers  onto  the  rolling  bank  of  the  mill 
was  too  time  consuming  and  limited  the  scale  of  production  and 
level  of  loading  to  a  po'ot  as  to  be  impractical.  For  this  reason,  a 
new,  proprieta;7  masterbatch  —  developed  by  DuPont  —  was  used. 
This  masterbatch,  which  consists  of  Kevlar®  pulp,  the  elastomer, 
and  a  fUler,  not  only  facilitates  the  handling  and  dispersion  of  the 
pulp  but  3lso  permits  high  levels  (up  to  70  %)  of  pulp  in  the 
masterbatch  The  "MB"  suffix  was  used  to  identify  whenever  this 
masterbatch  technology  was  used  during  compounding. 

Sample  testing 


When  available,  A5TM  test  methods  were  used; 


Tensile  properties  (to  break) 
Hardness 
Winkleman  tear 
Abrasion  resistance  (NBS) 


0412  (Die  C) 
D2240 

D624-54,  Type  B 
D 1 630-6 1 


Green  tensile  properties  were  measured  on  rectangular 
specimens  at  500%/minute  strain  rate.  Surface  tack  was 
eliminated  by  'surface  precuring"  at  I2rc  for  two  minutes. 
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Cyclic  extension  testing  was  performed  on  rectangular  samples 
because  this  permitted  better  precision  of  testing  than  the 
standard  dumbbell  shape.  The  frequency  of  cycling  was  low:  less 
than  10/minute. 

Compression  testing  was  carried  out  on  cylindrical  pellets 
(normally  used  for  heat  buildup  measurement)  with  a  height  to 
diameter  ratio  of  2:1.  When  cycling,  the  frequency  of  cycling  was 
less  than  10/minute. 

Bending  stiffness  was  measured  in  a  3-point  bending  mode 
similar  to  ASTM  D790-8I,  Figure  la.  The  tangent  modulus  of 
elasticity  in  bending  was  calculated  according  to  the  cited  ASTM 
method: 


4bd^ 


where:  E^-  Modulus  of  Elasticity  in  Bending,  MPa 

m-  Slc^e  of  initial  tangent  of  load/ deflection  curve,  N/mm 
L  »  Length  of  support  span,  mm 
b  ■  Width  of  "beam”,  mm 
d  *  Thickness  of  "beam",  m 

Tongue  tear  (also  known  as  ’Trousers  test  or  tear’)  was 
measured  on  rectangular  samples  prenotched  (cut)  to  a  depth  of  at 
least  25  mm  prior  to  the  pull.  The  test  and  its  validity  are 
described  in  detail  in  Wellington  Sears  Handbook  of  Industrial 
Textiles,  1963,  page  489. 

The  penetration  resistance  test  was  developed  by  the  author 
and  is  described  in  detail  in  the  Appendix. 


Depending  on  the  fiber  type  and  loading,  and  on  the  kind  of  rubber 
stock  used,  it  is  not  difficult  to  orient  the  majority  of  the  fibers 
once  good  dispersion  has  been  achieved.  The  ease  of  fiber 
orientation  (or  reorientation,  as  it  may  be  the  case)  depends  on  the 
magnitude  of  the  shear  in  the  last  preparative  step.  A  practical 
way  of  Judging  the  degree  of  orientation  is  to  compare  properties 
obtained  in  the  machine  direction  (MD)  to  the  same  properties 
obtained  in  the  cross  machine  directicn  (CMD).  We  found 
low-elongation  modulus  (in  rubber  technology,  modulus  always 
means  secant  modulus)  --  at  100??  or,  preferably,  lower 
elongations  --  to  be  a  good  indicator  of  orientation,  the  three 
major  directions  of  testing,  as  well  as  of  "orientation",  are: 
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MD,  machine  direction  (which  is  parallel  to  the  direction 
most  fibers  are  pointing),  (>1D,  cross  machine  direction, 
PMD,  perpendicular  to  both  MD  anil  CMD. 


We  found  the  heed  to  describe  a  fourth  testing  direction, 
called  "on-end  ",  for  the  abrasion  testing  of  fiber-loaded  samples. 
The  sketch  explains  the  three  possible  directions  of  fiber 
orientation  in  abrasion  testing. 


The  success  of  short  fiber  reinforcement  of  rubber  in 
general  depends  on  a  few  key  requirements.  Of  these,  uniform 
dispersion  is  the  most  important  since  fiber  clumps  --  instead  of 
reinforcing  --  may  act  as  actual  failure  sites.  High  surface  area 
and  mechanical/thermal  integrity  are  requirements  either  for 
actual  end  use  and/or  during  the  manufacturing  process.  Aramid 
pulp  and  staple  are  eminently  suitable  to  meet  these  requirements. 

The  obtainable  improvements  and  side  effects  with 
properly  dispersed  and  oriented  aramid  pulp  are  shown  in 
Table  1,  One  must  keep  in  mind  that,  because  of  the  orientation 
effect,  the  "demonstrated  levels'  are  always  those  in  the  direction 
of  optimum  orientation  Optimum  orientation  varies  according  to 
the  property,  and  will  be  mentioned  individua'ly  with  each 
property  discussed  The  ablative  behavior  of  aramid  I'einforced 
rubber  is  outside  the  scope  of  this  paper,  and  is  mentioned  only  for 
completeness 
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TABLE  1 

GENERAL  EFFECT  OF  ARAMID  PULP  ON  ELASTOMER  PROPERTIES 
BENEFITS _  DEMONSTRATED 


. 

•  In  the  Green  (uncured)  State 

—  Increased  Yield  Strength  30X 

—  Tougher.  Much  Harder  to  Cut 

—  Curing  Requirements  Unchanged 

•  In  the  Cured  State 

—  Greater  Hardness  ♦  10  Units 

—  Much  Higher  Low-Elongation 

Tensile  Modulus  SX 

-  Steeper  Stress/Strain  Curve 

-  Increased  Break  Strength  at 

Elevated  Temperatures  2X 

.  — Tougher  Compressive  Behavior  4X 

-  Higher  Heat  Buildup  at  Constant 
Stroke  but  only  Slightly  Higher 
at  Constant  Load 

—  Higher  Bending  Stiffness  3-4X 

—  Better  Penetration  Resistance  2X 

—  Tear  Properties  (greatly  affected 

by  shape  and  direction)  2X 


•  Excellent  Ablative  Behavior 

•  Non- Asbestos,  Environmentally  Safe 


The  increase  in  green  strength  is  the  most  pronounced  with 
relatively  weak  rubber  stocks.  For  instance,  with  a  weak  neoprene 
compound  (Table  2),  the  100%  modulus  improvement  was  7.8X  and 
the  hardness  increase  was  lO  Shore  A  units.  These  levels  were 
only  1.8X  and  4  units,  respectively,  with  a  compound  of  a  strong 
Hypalon®  synthetic  rubber.  In  cured  rubber  compounds,  the 
presence  of  fibers  always  manifests  itself  in  higher  hardness, 
steeper  stress/strain  (i  e.,  load/elonqation)  curve,  and  much  higher 
initial  and  low-elongation  moduli.  While  at  room  temperature  this 
rapid  shift  in  the  stress/strain  curve  is  accompanied  by  a 
reduction  in  break  elongation  and  break  strength,  at  elevated 
temperatures  the  presence  of  aramid  fibers  compensates  for  the 
inherent  deterioration  of  the  rubber  matrix,  thus  resulting  in 
higher  break  strength 

Upon  compression,  the  fibers  --  when  oriented  parallel  to 
the  compressive  force  —  contribute  very  little.  However,  if 
aligned  in  such  a  way  that  the  filaments  can  go  into  tension,  they 
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TABLE  2 

COMPARISON  QF  GREEN  STRENGTH  IMPROVEMENT  WITH  WEAK  AND 
STRONG  RUBBER.  COMPOUNDS 


Effect  of  Fiber  Loading  on  Green  Properties 


100%  Modulus,  KPa 
200  %  Modulus,  KPa 
300  %  Modulus,  KPa 
Green  (Yield)  Strength, 
Green  Elongation,  % 

"Orioot -at  ~  A 


KPa 


’Orientation”  «  a 
Hardness,  Shore  A 


00 


%  Modulus' 


100%  Modulus.  KPa 
200%  Modulus.  KPa 
300  %  Modulus,  KPa 
Green  (Yield)  Strength, 

Green  Elongation.  % 

“Orientation"  »  a  100%  Modulus' 
Hardness,  Shore  A 


KPa 


;  0 

2 

5 

Neoprene  StQck»» 

393 

1724 

3068 

434 

1875 

3220 

552 

2055 

— 

1276 

2510 

3192 

840 

576 

261 

14 

993 

2296 

36 

42 

46 

Hypalon*  StQClc»*» 

• — 

4500 

5960 

8050 

5520 

6330 

7160 

6390 

6610 

— 

7260 

6600 

6990 

547 

423 

222 

400 

1300 

2600 

86 

89 

90 

A(no-cno).  KPi 

•••  lOOphrHypalor*  45 
• 70  phr  N«oorene  W.  30  phr  Neopren*  WHV 
'  DuPont  rtgislortd  triaamart 


All  properties  measured  MD,  except  ’Orientation"  and 
Hardness  (which  was  measured  PMD) 


contribute  significantly  to  the  inherent  resistance  to  comprossion 
by  the  rubber  matrix  Under  such  conditions,  if  one  subjects  a 
sample  to,  say,  the  standard  BFGoodnch  ’Flexometer’  heat  "buildup 
test,  the  compressive  stroke  with  constant  deflection  causes 
significant  heat  generation.  In  reality,  there  are  few  applications 
where  the  deformation  is  caused  by  a  fixed  compressive  strain  but 
rather  by  a  fixed  compressive  load.  Under  such  circumstances, 
since  the  fiber  reinforced  article  will  deform  much  less,  the 
fiber-caused  heat  generation  will  be  less  significant. 
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Due  to  the  increased  composite  tensile  modulus,  fibers 
aligned  parallel  to  the  ‘beam"  axis  will  cause  higher  bending 
stiffness,  while  penetration  resistance  will  increase  to  a 
different  degree  depending  on  fiber  orientation.  While  tear 
resistance  always  increases  if  the  tear  has  to  propagate  across 
the  fibers  —  such  as  shown  in  Table  3. 


Fiber; 


Aram  id 

aoifi  5  Dhr  Pulp 


T  onque  T  ear  N*mm' ' 
Winxleman  Tear,  N«mm“ ' 


Commercial  'AiSiprene  11467  Polyurelhw#  Prepolymer 
Cham  extended  with  Sutjnediol 


In  some  instances  and  depending  on  the  test  method(s)  used,  this 
resistance  can  be  so  great  as  to  channel  the  tear’s  propagation  in  a 
direction  90  degrees  to  the  original  tear.  When  this  happens,  the 
fibers  can  actually  facilitate  the  tear  (although  in  the  ‘wrong’’ 
direction).  Proper  recognition  of  this  phenomenon  and  proper 
engineering  of  the  rubber  article  can  alleviate  this  problem 

The  fact  that  aramid  fibers  do  not  have  the  safety  problem 
associated  with  asbestos  has  already  secured  a  considerable 
segment  of  the  friction  products  (brake,  clutch  facings),  as  well 
as  seal  and  gasket  markets  for  aramids. 

We  conducted  very  extensive  studies  based  on  a  100% 
natural  rubber  composition  However,  the  trends  --  discussed  in 
detail  below  —  are  applicable  to  other  elastomers,  too. 

As  far  as  stress/strain  properties  are  concerned,  short 
aramid  fibers  provide  --  at  ilO  phr  levels  —  more  than  3X 
enhancement  in  low-elongation  modulus  in  the  machine  direction 
(Figure  i ).  Initially,  both  pulp  and  staple  show  very  much  the  same 
reinforcing  effects  but  as  one  exceeds  the  break  eloqation  ("4%)  of 
the  fibers,  a  rheological  separation  has  to  take  place,  since  the 
fibers  are  so  strong  that  they  would  not  break.  The  pulp  with  its 
highly  branched  surface  maintains  its  rheological  integrity  longer 
than  the  staple  does  However,  when  tested  in  the  cross  machine 
direction,  there  was  no  initial  modulus  enhancement. 
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FIGURE  1  Typical  stress-strain  curve  of  aramid  reinforced  rubber, 
measured  in  the  machine  direction  on  100  phr  natural  rubber  stock, 
compared  to  the  fiberless  control 


The  importance  of  orientation  can  be  shown  by  comparing 
the  20%  tensile  moduli  of  compounds  reinforced  with  both  aramid 
pulp  and  staple  (Figure  2)  as  a  function  of  fiber  loading.  There  is 
hardly  any  enhancement  in  the  cross  machine  directioi.  This  very 
limited  enhancement  in  the  cross  machine  direction  is  the  result 
of  the  fibers  originally  oriented  not  exactly  90’  to  the  direction  of 
the  pull:  as  the  rubber  is  extended,  tnese  fibers  --  out  of 
geometric  necessity  —  get  more  and  more  aligned  in  the  direction 
of  pull. 
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FiGiiPF  2.  Effect  of  orientation  on  20%  modulus  in  100  phr  natural 
rubber  compound  as  a  function  of  fiber  loading. 

It  was  of  some  concern  how  the  enhancement  obtained  with 
the  fibers  would  be  retained  after  cyclic  extension.  Test  strips 
subjected  to  2%  cyclic  extension  indicated  (Figure  3)  that  even 
after  extensive  (50)  cycling,  the  fiber  reinforcers  still  provide 
to  3X  enhancement,  although  the  cycling  did  cause  some  loss  — 
even  with  the  no-fiber  control  compound.  The-  biggest  loss  was 
experienced  during  the  first  two  extensions,  the  further  losses 
gradually  diminishing.  Nearly  steady  state  condition  was  reached 
by  the  10th  cycle  me  cyclic  extension  experiment  was  repeated 
at  20??  strain  --  a  strain  way  beyond  the  break  elongation  of  the 
fibers  yet  the  fibers  continued  to  provide  substantial 
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f.lGUR^  j  Effect  of  cyclic  extension  to  2%  strain  in  the  machine 
direction  at  various  fiber  loadings  (100  phr  natural  rubber  stock). 


reinforcement  (Figure  4).  Even  after  cycling  at  elevated 
ternperaiure -.(MrC),  the  fibers  still  provided  2X  to  3X 
enhancement. 

During  compression,  the  fiber  reinforced  specimens 
responded  In  a  uniaue  manner.  When  the  hbers  were  oriented 
parallel  to  the  direction  of  compressive  force,  there  was  hardly 
any  increase  in  the  stresses  generated  However,  when  the  fibers 
were  oriented  perpendicular  to  the  force  of  compression,  a  very 
substantial  increase  in  the  resistance  to  compression  occurred. 
The  reason  for  this  is  that  when  rubber  is  compressed,  it  wants  to 
bulge  out  in  the  direction  perpendicular  to  the  compression,  thus 
putting  under  tension  the  fibers  oriented  in  that  (perpendicular) 
direction.  The  stresses  generated  can  be  guite  formidable  as 
shown  by  the  40%  compression  data  (Figure  5);  at  20  phr  loading, 
the  stresses  about  tripled  when  the  sample  was  compressed  to 
60%  of  its  original  height.  Although  cycl  c  compression  causes 
some  losses  --  mainly  during  the  first  cycle  — ,  the  proportional 
reinforcement  remains  the  same  after  cycling. 
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FIGURE  4  Effect  Of  elevated  temperature  and  cycling  to  20% 
strain  on  stress  as  a  function  of  fiber  loading.  Measured  in  the 
machine  direction  on  100  phr  natural  rubber  compound. 
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FIGURE  5.  Effect  of  cycling  at  40%  compression  as  a  function  of 
fiber  loading  Fibers  perpendicular  to  the  compressive  force.  100 
phr  natural  rubber  compound. 
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In  bending,  the  effect  cf  orientation  is  even  more  dramatic 
(Figure  6).  In  a  5-point  bending  test,  pulp  and  staple  behaved  very 
much  the  same:  when  the  fibers  were  oriented  in  such  a  way  that 
they  were  subjected  to  tension,  the  improvement  in  bending 
stiffness  was  substantial  (3X  at  20  phr).  With  the  fibers  oriented 
in  such  a  way  that  they  were  subjected  to  neither  extension  nor 
compression,  the  presence  of  the  fibers  actually  weakened  the 
response 


FfBCR  ORIENTATION  CFFEa  ON  BEND 


FIGURE  5  Effect  of  fiber  orientation  on  bending  stiffness  as  a 
function  of  fiber  loading,  lOO  phr  natural  rubber  compound. 


'When  studying  the  effects  of  fiber  orientation  on 
penetration  resistance,  we  found  that  both  MO  and  CMD 
directions  provided  reinforcement,  the  reinforcement  in  CMO  {\±. 
when  the  fibers  were  perpendicular  to  the  penetrating  probe) 
being  much  greater  (Figure  7),  This  can  be  easily  explained  by 
studying  the  components  of  penetration-  the  forces  needed  (a)  to 
repeatedly  initiate  a  wound  (i_g^  to  propagate  a  wound  front),  (b) 
to  spread  apart  the  already  developed  wound,  and  (c)  to  overcome 
friction  between  the  rubber  and  the  penetrating  object.  We  found 
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RESISTANCE  TO  PROBE  PENETRATION 


FIGURE  7  Effect  of  orientation  on  penetration  as  a  function  of 
fiber  loading,  100  phr  natural  rubber  compound. 


that  "60%  of  the  total  force  was  used  up  for  spreading  of  the 
wound  (Figure  8),  regardless  of  fiber  orientation.  The  absolute 
force  needed  to  overcome  friction  was  independent  of  fiber 
orientation,  and  "20%  of  the  total  force  was  used  up  for  the 
wounding.  We  used  the  following  experimental  technique  to 
separate  the  various  components  of  penetration:  First,  we 
measured  the  force  needed  for  the  initial  penetration;  this  gave  us 
the  combined  effects  of  initiating  the  wound  ♦  spreading  the 
wound  ♦  overcoming  friction.  Then  we  retracted  the  probe  and 
carefully  reentered  the  seemingly  ’healed’  wound.  In  doing  so,  the 
force  needed  to  penetrate  was  the  sum  of  spreading  the  wound  ♦ 
overcoming  friction.  We  again  retracted  the  probe  but  before 
reentering  the  wound,  we  applied  a  lubricant  (water  is  excellent  in 
this  case)  onto  and  into  the  wound  (capillary  forces  sucked  the 
lubricant  into  the  wound)  Reentering  with  the  probe,  we  then 
measured  only  the  force  needed  for  spreading  the  wound. 

When  the  fibers  are  perpendicular  to  the  penetrating  probe, 
they  reinforce  because  they  are  su^ected  to  tension  as  the  probe 
initiates  and  spreads  the  wound.  The  stresses  so  generated  are 
similar  to  the  ones  seen  upon  compression  When  the  fibers  are 
parallel  to  the  penetration,  the  penetrating  probe  causes 
somewhat  of  a  bending  and  the  increase  In  the  force  needed  to 
penetrate  is  caused  by  the  increased  composite  bending  stiffness. 
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FIGURE  8  Effect  of 
penetration  resistance. 


fiber  orientation  on  the  components  of 
1 00  phr  natural  njpper  compound. 
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ror  abrasion  resistance,  the  only  fiber  orientation  which 
offered  improvement  was  the  ’on-end",  that  is  when  the  fibers 
were  perpendicular  to  the  surface  being  abraded  (Figure  9).  Other 
orientation  directions  actually  cause  a  greater  abrasive  loss. 
Close  scrutiny  of  the  literature  (References  6  to  8)  gave  a 
reasonable  explanation  for  these  findings.  According  to 
Schallamach  and  Thomas,  the  abrasion  of  rubber  occurs  through  a 
wavelike  abrasion  ridge-pattern  propagation,  due  to  crack  growth 
propagation  at  the  base  of  the  ridges.  Whenever  the  fibers  are 
perpendicular  to  this  crack  (which  they  are  only  in  the  ’on-end" 
configuration),  crack  propagation  will  be  hindered  and  --  thus  -- 
abrasive  wear  will  be  diminished.  The  other  orientations  actually 
promote  crack  propagation  by  acting  as  sites  of  inhomogeneity. 
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FIGURE  9.  Effect  of  fiber  loading  and  orientation  on  abrasive 
behavior,  measured  on  80/20  phr  EPDM/neoprene  compound. 
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SUMMARY  AND  CONCLUSIONS 

Cured  rubber  compounds  are  deficient  in  low-elongation 
tensile  properties,  are  too  compliant  under  compression,  nardly 
resist  bending  forces,  and  are  easily  cut,  torn,  and  penetrated 
(especially  when  wet)  The  following  technical  advantages  from 
aramid  fiber  reinforcement  were  demonstrated  which  may 
alleviate  these  deficiencies:  much  higher  Initial  tensile  modulus, 
better  cut,  tear,  wear  and  penetration  resistance,  increased 
compressive  response,  greater  bending  stiffness,  and  higher 
steady-state,  d'/namic  remforcement--  provided  that  one  uses  the 
aporoDriate  fiber  orientation.  The  other  benefits,  good  thermal 
stability  and  no  need  for  adjustment  of  curing  conditions,  are  not 
dependent  on  orientation  The  technical  limitations  one  may 
encounter  are:  lower  break  elongation  (an  unavoidable  "by  product" 
due  to  rheological  changes),  greater  compression  set  (again,  a 
manifestation  of  the  restricted  rheological  behavior  imparted  by 
the  fibers),  greater  hardness,  when  this  may  be  objectionable,  and 
high  anisotropy  This  latter  may  be  bothersome  if  one  needs 
isotropic  composite  behavior,  complete  isotropy  can  be  achieved 
only  by  layering  techniques  The  technical  barriers  are.  higher 
heat  build-up  at  fixed  displacement  only  (associated  with  any 
high-modulus,  high-performance  fiber;,  and  uneven  fiber 
dispersion  (because  this  results  in  sites  of  weakness  and  early 
failure). 

Aramid  fiber  reinforced  rubbers  are  a  new  kind  of 
engineering  material  with  greatly  enhanced  properties  over 
conventional  rubber  compounds  This  enhancement  is  limited  by 
one's  ability  to  orient  the  fibers  in  the  desired  direction  or  to 
incorporate  the  needed  amounts  of  fiber  The  extent  of 
reinforcement  depends  on  the  homogeneity  of  the  product  and  on 
the  concentration  of  the  fiber(s).  A  clear  understanding  of  the 
mechanism  of  reinforcement  is  crucial  for  success 
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APPENDIX 


PFNgTRATION  RESISTANCE  TEST 

A  four-sided,  polished  steel  pyramid  with  a  15*  angle  at 
the  apex  was  forced  into  a  12.7  mm  diameter,  25.4  mm  high  rubber 
cylinder  in  which  the  fibers  were  oriented  either  parallel  to  the 
axis  or  perpendicular  to  it.  The  force  required  to  move  the  pyramid 
19  mm  into  the  cylinder,  held  in  place  by  a  narrow  steel  collar, 
was  used  to  describe  penetration  resistance.  The  probe  was  honed 
to  an  extremely  sharp  (yet  15*)  point.  Wet  testing  was  performed 
by  first  placing  a  drop  of  water  on  the  cylinders  face  through 
which  the  probe  was  then  pushed. 
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OLIGOMERIC  OIAMINOSjENZOATES  -  A  UNIQUE  CLA?:S  OF  LONG-CHAIN 
REACTIVE  AMINES 


D.  J.  FINOCCHIO  Arc  E.  L.  MclNNIS  * 

Polaroid  Corporation,  Commercial  Chemicals  Department,  238 
S.  Main  Street,  Assonet,  MA  02702 


ABSTRACT 


Oligomeric  d I am I  nobenzoates  (ODAs)  represent  a  unique 
class  of  reactive  amines  which  have  utility  In  the  areas  of 
cast  urethane  elastomers,  coatings,  and  rubber-modified 
epox I es ’ . 


o 


F 1 GURE  Jj.  Oligomeric  Olamlnobenzoates;  X  ■  1,  2,  or  3,  Z  «  0 
or  NH,  G  =  N  valent  radical,  N  *  2,  3,  or  4 


The  reactivity  of  the  aromatic  amine  Is  modified  by  the 
neighboring  carboxyiate  group^  so  that  controlled 
polymerizations  with  methylene  diphenyl  Isocyanate  (MOD  can 
be  effected,  a  capability  not  found  with  other  reactive 
amines. 

Although  a  number  of  different  backbone  materials  have 
been  examined  {  G  *  polycarbonate,  polypropyleneoxide,  and 
polyester  ),  optimization  and  characterization  efforts  have 
centered  on  the  d I -p-ami nobenzoate  containing  a  polytetra- 


methyleneox Ide  backbone  (  Figure  2  ) 


L16URE  Polytetramethy leneglycol  Oligomeric  dl-p-amlno' 
benzoate  (  PTMEG-OOA  )  X  =  13.6,  OOA-1000, 

X  -  27.5,  OOA-2000. 


The  true  benefits  of  OOA-MDI  formulations  derive  from  the 
fact  that  these  systems  are  liquid-liquid  and  can  be  cured 
at  room  temperature.  The  tensile  and  hardness  properties  of 
an  OOA  lOOO-modlf  led  MDI  system  cured  at  ambient  temperature 
develop  rapidly  (  Figure  3  ). 

AMBIENT  CURE  PHYSICAL  PROPERTIES 


In  many  applications,  the  time  to  gelation  (pot-1 Ife)  and 
the  exotherm  associated  with  the  curing  reaction  ai  e 
Important  considerations.  (X)A-MDI  systems  can  be  catalyzed 
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A  high  perforaianc®  elastomer  can  be  prepared  under 
conditions  In  which  elaborate  processing  and  curing 
equipment  Is  not  available  (  Table  1  ). 


TABLE  1 

PHYSICAL  PROPERTIES  OF  QOA-1000-MDI  FORMULATIONS  CURED  AT 

ROOM  TEhlPERATUPE 


RUB  I  NATE*  ISONATE*  ISONATE*  ISONATE* 


MOI 

XI -208 

143-L 

240  1 

181 

%  NCO 

31 

29 

19 

23 

Cure 

Temp.  (®C) 

25 

25 

25 

25 

Cure 

Time  (Days) 

7 

7 

7 

7 

TensI  le 

10000 

5800 

7500 

5200 

Elongation 

420 

460 

510 

690 

100  %  Modulus 

1230 

1000 

1000 

970 

300  %  Modulus 

2100 

1400 

1200 

970 

Tear  DIe-C 

370 

420 

400 

410 

Tear  0-470 

110 

150 

120 

120 

Hardness 

95A 

95A 

95A 

95A 

Rebound 

53 

49 

56 

55 

Compression 

Set 

64 

49 

64 

75 

Isonate*  Is  the  registered  trademark  of  the  Upjohn  Company 
and  Rublnate*  Is  the  registered  trademark  of  Rubicon 
Chemicals  Inc. 


Deficiencies  In  the  compression  set  of  OOA-MDI  can  be 
remedied  by  Increasing  the  extent  of  cross  I  Inking  present  In 
the  elastomer.  This  has  been  accomplished  by  Incorporating  a 
tr Ifunctlonal  polypropyleneoxide  OOA  (  PPG-OOA  )  In  the 
formulation.  Compression  set  decreases  linearly  with 
Increasing  tr Ifunctlonal  OOA  content  {  Figure  6  ). 
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STRETCHING  IN  AN  ELASTOMER  CYLINDER  DURING  AN  AXIAL 
PROBE  PENETRATION 


1  1  2 
A.  R.  JOHNSON  ,  C.  J.  QUIGLEY  ,  I.  FRIED 

(1) Mechanics  of  Materials  Branch,  Mechanics  and  Structural 
Integrity  Laboratory,  U.  S.  Army  Materials  and  Mechanics 
Research  Center,  Watertown,  Massachusetts  02172^0001; 

(2) Department  of  Mathematics,  Boston  University,  111 
Cummington  Street,  Boston,  Massachusetts  02215. 


ABSTRACT 

A  finite  element  algorithm  is  developed  to  analyze 
elastomer  cylinders  subjected  to  axisymmetric  probe 
loading.  A  form  of  the  Valanis  -  Landel  energy  density 
functional  is  used  to  model  the  material  behavior  of  the 
elastomer.  The  nonlinear  finite  element  equations  are 
found  by  computing  the  gradient  and  tangent  matrices  of  the 
total  potential  energy  and  are  solved  using  the 
Newton  -  Raphson  method.  A  penalty  method,  based  on 
rjinimizing  the  distance  between  the  probe  surface  and  the 
contacting  nodes  in  the  finite  element  mesh  of  the 
elastomer,  is  used  to  model  the  probe  loading.  Stretch 
ratios  in  excess  of  2.0  are  computed  for  a  0.25  in.  radius 
hemispherical  ended  probe  penetrating  0.50  in.  into  a  1.0 
in.  radius  cylinder  2.0  in  long. 


INTRODUCTION 


The  Army  is  evaluating  new  elastomer  materials  for  use 
in  tank  track  pads.  The  pads  are  repeatedly  loaded  to 
large  strains  when  the  tank  travels  on  roads  and  to  larger 
strains  when  the  pad  is  penetrated  by  sharp  objects  or 
rocks  off  the  road.  In  the  process  of  evaluating  the  new 
materials,  cylindrical  samples  are  tested  in  the 
laboratory.  This  poster  paper  summarizes  a  finite  element 
algorithm  developed  to  analyze  an  elastomer  cylinder 
axially  loaded  by  a  hemispherical ly  ended  probe  penetrator. 
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LARGE  AXISYWETRIC  DEFORMATIONS 


The  relationship  between  the  testing  and  analysis  is 
shown  in  Illustration  1.  Materials  are  tested  and  data  is 
collected  at  a  limited  number  of  points  (heat  buildup  at 
center,  strains  on  outside,  etc.)  The  analysis  effort 
allows  for  field  representation  of  the  strains, 
temperatures,  etc.  and  assists  the  analyst  in  understanding 
the  details  of  the  response.  The  notation  used  to  describe 
the  axisymmetric  deformations  is  shown  in  Illustration  2. 
The  line  segment  6,  represents  an  infinitesimal  material 
line  at  angle  9  as  ^own  in  the  undeformed  cylinder.  After 
deformation  the  line  segment  stretches  and  rotates  to 
The  constitutive  relations  for  elastomers  require  that  tne 
principal  stretch  ratios  (maxirrium  and  minimum  values  of 

IS.j/tSpi)  determined.  The  calculation  of  these 

principal  stretch  ratios  and  X,  are  shown  on 

Illustrations  2  and  3  using'^  the  (a,f)  coordinates  to 
describe  the  undeformed  material  and  (r,2)  coordinates  for 
the  deformed. 

With  the  principal  stretch  ratios  x,  and  X,  determined 
we  develi^p  an  axisymmetric  triangular  finite  efement.  The 
element  is  shown  in  Illustration  4.  The  potential  energy 
is  interpolated  using  the  elements  and  is  expressed  in 
terms  of  nodal  variables.  The  gradient  and  tangent 

matrices  of  the  energy  are  then  found  so  that  the  Newton  - 
Raphson  method  can  be  used  to  obtain  the  extreme  values  of 
the  energy.  Illustration  5  shows  the  bilinear 

interpolation  used.  Then,  Illustrations  6  through  10 
present  some  of  the  details  of  the  computations  of  the 
gradient  and  tangent  matrices. 

A  summary  of  the  finite  element  algorithm  developed 
here  is  shown  in  Illustration  11  followed  by  an  example 
showing  some  details  of  how  to  use  the  Valanis  -  Landel 
form  of  the  energy  density  in  Illustration  12,  Plots  of 
the  deformed  mesh,  profiles  of  radial  and  axial 
displacements,  profiles  of  the  principal  stretch  ratios  X,, 
X-  and  Xj,  and  the  profiles  of '\fT~  (representing  tne 
volume  change)  are  given  in  Illustrations  13  through  19  for 
a  35%  probe  penetration  as  described  in  the  abstract. 


*  Illustration  numbers  are  given  at  the  bottom  right-hand 
corner  of  each  illustration. 
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LARGE  AXISYMMETRIC  DEFORMATIONS 
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TRACK  PAD  MATERIALS  STUDY 


C.  DEARDOFF 

FMC  Corporation,  1105  Coleman  Avenue,  Box  1201,  San  Jose, 
California  95108 


ABSTRACT 


Track  pad  performance  and  durability  depend  largely  upon 
its  elastomeric  material  of  construction  and  environmental 
service  terrain.  With  greater  knowledge  of  elastomer 
chemistry,  wear  and  failure  mechanisms  can  be  explained. 
Processing  variations,  including  the  use  of  different  molding 
techniques,  may  also  play  a  key  role  in  overall  component 
performance.  FMC's  goal  is  to  improve  component  performance  by 
increasing  material  wear  resistance  and  improving  current 
quality  control  methods.  Efforts  to  data  have  focused  on  three 
areas  of  study: 

•  Investigation  of  current  production  T157  track  pad 
materials  service-tested  separately  under  cross 
country  and  paved  surface  conditions.  The  goal  of 
this  ongoing  effort  is  to  perform  a  trend  analysis  of 
microscopic  and  macroscopic  wear  mechanisms  using 
thermal,  surface,  and  chemical  characterization 
techniques. 

•  Trade  off  study  of  alternative  elastomer  materials  to 
maximize  abrasive  wear  resistance.  Test  plans  are, 
under  way  to  evaluate  15  compocds  under  paved  surface 
conditions,  select  the  top  performers,  and  evaluate 
pad  durability  under  cross  country  service. 

t  Investigation  of  the  current  track  elastomer 

specification  (MIL-T-11891D)  to  suggest  modifications 
addressing  procurement, problem  areas  and  alternate 
quality  control  provisions. 


FALURE  MODE  INVESTIGATION  OF  CURRENT  TRACK  PAD  MATERIALS 

This  effort  began  in  1984  as  an  IR&D  project  "Failure 
Study  of  Elastomeric  Material  for  Track". 

Although  elastomers  are  located  in  three  track  locations: 
roadwheels,  bushings,  and  track  pads,  pads  were  focused  upon 
due  to  the  severe  wear  problems  which  had  been  reported  and  the 
available  service  testing  capabilities. 
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The  goal  of  this  work  Is  to  increase  elastomer  durability 
and  longevity  by  identifying  the  molecular  and  microscopic 
failure  mechanisms  in  track  pad  materials.  Defining  failure 
modes  may  lead  to  suggestions  for  modifying  rubber  mixing 
and/or  molding  procedures. 


TESTING  AND  RESULTS 

Two  complete  sets  of  T157  (M2)  track  pads  were  procured 
from  one  vendor  source.  Certification  verified  that  the  pads, 
containing  the  base  polymer  styrene  butadiene  rubber  (SBR), 
were  molded  from  the  same  production  run. 

Preservice  evaluation  began  with  the  removal  of  material 
samples  from  two  different  locations  on  selected  pads.  To 
determine  if  material  variations  exist  due  to  production 
conditions,  thermal,  surface,  and  chemical  characterization 
testing  was  performed  using  the  following  techniques: 

TGA:  Thermal  Gravimetric  Analysis 

TMA:  Thermal  Mechanical  Analysis 

DSC:  Differential  Scanning  Colorimetry 

SEM/EDAX:  Scanning  Electron  Microscopy/Energy  Dispersive 
Analysis  of  X-rays 

Auger  Spectroscopy 

Optical  Microscopy 

Solvent  Swelling. 

The  important  material  test  parameters  under  investigat  on 
include:  elastomer  cross-link  density,  butadiene  rubber 
content,  oxidative  cross-linking  tendency,  and  variations  in 
the  material  microstructure. 

The  track  pads  were  then  subjected  to  the  following  field 
tests: 

1)  3000  mile  test  at  Camo  Roberta,  CA,  on  cross  country 
terrain 

2)  350  mile  test  at  San  Jose,  CA,  on  a  paved  surface,  1 
km,  oval  track. 

Work  pads  were  removed  at  nine  intermediate  mileage 
intervals  from  designated  track  locations.  The  removed  pads 
were  the  same  ones  from  which  preservice  samples  were  pre¬ 
viously  obtained.  Weight  measurements  were  subsequently  taken. 
Figures  1  through  3  illustrate  weight  loss  vs.  mileage  results 
for  each  service  test  and  a  comparison  between  the  two.  For 


MILEAGE 


FIGURE  1.  Paved  wear:  weight  loss  p.  mileage. 

the  first  300  miles  of  service,  pave0  surface  wear  is  3.6  times 
that  resulting  from  cross  country  wear. 


Future  plans  include  a  trend  analysis  of  the  worn  pads 
using  the  above  described  thermal,  sjrface,  and  chemical 
characterization  techniques  and  to  CDmpa’‘e  these  with  the 
preservice  baseline  results. 
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TRADE  OFF  STUDY  OF  ALTERNATE  ELASTOMER  MATERIALS 


This  effort  began  in  1984  as  part  of  an  STS  contract 
(#DAAE07-84-C-R006)  titled  "BFV  Track  Pad  Life  Improvement". 

The  goal  of  the  project  is  to  improve  track  pad  abrasion 
resistance  without  significantly  degrading  the  chunking  and 
blowout  resistance  of  current  track  pad  materials.  The  scope 
of  work  is  as  follows: 

1.  Investigate  natural  rubber  and  other  high  potential 
candidate  compounds  for  the  T157  pad 

2.  Investigate  increasing  T157  pad  thickness  and/or 
surface  area 

3.  Durability  test  the  top  performing  material  compounds 
determined  from  Task  1.  with  a  new  track  design 
developed  from  Task  2  on  cross  country  terrain 

4.  Investigate  improving  Q.C.  techniques,  and  propose 
changes  to  MIL-T-11891D  (AT)  track  pad  procurement 
specification 

5.  Perform  a  trend  analysis  of  paved  worn  pads  (tested 
under  the  IR&O  program)  and  compare  with  preservice 
baseline  results. 

To  address  Task  1,  ten  vendors  were  contacted  and  invited 
to  participate.  They  were  asked  to  submit  compound  information 
and  prototype  pad  development  requirements  for  materials  they 
considered  high  potential  for  the  track  pad  application. 
Although  material  property  data  were  received  for  most  of  the 
candidate  compounds,  no  suitable  criteria  exist  to  predict  com¬ 
pound  fie^d  performance  from  this  information.  Therefore,  the 
field  test  program  was  developed  to  test  a  larger  number  of 
compounds  than  was  originally  anticipated. 

Seven  of  the  vendors  and  the  two  following  government 
agencies  involved  in  track  pad  elastomer  R&D  work: 

•  Ft.  Belvoir  Research  and  Development  Center 

-  contact:  Paul  Gatza 

•  Red  River  Army  Depot 

-  contact:  George  Kentros. 

together,  submitted  a  total  of  15  material  compounds  for  our 
evaluation. 
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A  paved  surface  field  evaluation  has  been  completed.  The 
test  program  involved  five  separate  vehicle  tests  designed  to 
evaluate  three  experimental  compounds  per  test.  The  following 
lists  important  test  parameters: 

Course:  FMC,  San  Jose,  1  km,  paved  oval  track 

Duration:  300  miles,  (where  track  direction  was  changed 
every  12.5  miles) 

Period  of  Performance:  7/85  to  10/85 

Vehicle  Weight:  50,000  +  1000  lbs. 

(bal listed) 

Vehicle  Speed:  Constant  lap  speed,  approximately  37  mph. 

Consistency  from  test  to  test  was  of  primary  importance. 
Besides  the  above  weight  and  speed  parameters,  vehicle  stop 
times  and  the  refueling  schedule  were  held  as  consistent  as 
possible.  No  pivot  turns  (which  cause  severe  pad  abrasion) 
were  allowed  at  any  time  during  testing.  Pad  height  and  weight 
measurement  were  made.  Data  analysis  is  scheduled  for 
completion  by  end  of  1985. 

Figure  4  Illustrates  the  track  pad  configuration  used  for 
field  testing. 
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PROCUREMENT  SPECIFICATION.  PROBLEM  AREAS.  AND 
ALTERNATE  QUALITY  CONTROL  PROVISIONS 


Background 

Changes  to  the  long  standing  track  procurement 
specification,  MIL-T-11891B,  were  developed  to  keep  pace  with 
progressing  rubber  technology. 

The  new  revisions  were  designed: 

•  To  allow  use  of  natural  rubber  in  compound 
formulations 

•  To  encourage  continual  improvement  for  elastomer 
formulations  through  cost  incentive  contracting 

•  To  improve  quality  control  by  matching  production 
material  physical  properties  to  those  of  qualified 
materials  applying  established  tolerance  constraints 
and  Infrared  spectroscopy  “finger  printing". 

Problem  Areas 

Although  cost  Incentive  contracting  is  an  improvement,  the 
necessary  field  testing  is: 

•  Costly 

a  Time  consuming 

•  Difficult  to  provide  fairness  to  each  participating 
vendor. 

In  addition,  quality  control  which  relies  on  end  item 
defect  detection,  is  outdated  in  view  of  statistical  process 
control  (SPC)  techniques. 

FMC's  Commitment 

FMC  will  investigate: 

e  The  development  of  track  pad  material  test  methodology 
which  can  accelerate  or  otherwise  improve  the 
qualification  process 

a  The  application  of  SPC  techniques  to  suggest 
modifications  to  the  existing  procurement 
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specification.  SPC  is  working  for  the  automotive 
industry,  not  only  to  improve  product  quality,  but  to 
lower  production  costs  as  well. 

These  investigations  represent  PMC's  comprehensive  commitment 
to  solving  track  pad  proolems. 


CONCLUSION 


There  does  not  appear  to  be  any  quick  relief  solutions  to 
costly  track  pad  wear  problems.  The  ultimate  solutions  will 
evolve  from  the  combined  efforts  of  many;  therefore,  communi¬ 
cation  for  information  exchange  is  vital. 
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HIGH  PERFORMANCE  POLYURETHANE  ELASTOMERS 


ANTHONY  J.  CASTROl,  WALTER  BROOOWSKI^,  EJAZ  SYE03 
(l)Ak20  Chemie  America,  2035  9th  Avenue,  San  Fran(p1sco, 
California  9411S;  (2)Ak20  Corporate  Research,  Obernburg,  West 
Germany;  (3)Ak20  Chemie  Deventer,  The  Netherlands. 


Polyurethane  elastomers,  both  thermoplastic  and  thermoset, 
have  long  been  the  material  of  choice  when  a  particular  appli¬ 
cation  demanded  exceptional  resistance  to  abrasion,  solvents, 
toughness  and/or  superior  dynamic  propert’es  and  the  concomi¬ 
tant  increase  in  these  physical  properties  was  sufficient  to 
extend  the  lifetime  of  a  part  so  as  to  compensate  for  any 
Increase  in  raw  material  costs  as  compared  to  traditional  elas¬ 
tomers.  ,  A  more  widespread  use  of  polyurethane  elastomers  has 
been  prevented  by  the  rather  low  high-temperature  softening 
point  of  conventional  polyurethanes  and  the  falloff  of  proper- 
ties  as  the  softening  point  is  approached. 

Since  the  high  temperature  properties  of  segmented 
elastomers  are  strongly  dependent  upon  the  nature  and  content 
of  the  "hard  segment"  portion  of  a  polyurethane,  our  labora¬ 
tories  have  attempted  to  develop. high  performance  elastomer 
formulations  based  upon  the  use  of  two  simple,  rod-like  mole¬ 
cules;  1,4-trans-cyclohexane  diisocyanate  (CHDI)  and  para- 
phenylene  diisocyanate  (PPOI)  as  the  main  hard  segment  portion. 

Although  diol  cured  thermoplastic  formulations  have  been 
obtained  with  softening  points  too  high  to  permit  injection 
molding,  use  of  mixed  chain  extenders  to  selectively  disturb 
the  crystallinity  of  the  hard  segments  has  led  to  a  series  of 
injection  moldable  thermoplastics  with  softening  points  in  the 
range  of  IZS’C-ZIO’C  (347“F-410“F). 

Thermoset  cast  elastomers  have  been  produced  based  upon 
diol  chain  extenders  with  properties  comparable  to  MOCA  cured 
systems  while  at  least  one  CHO I/MOCA  cured  elastomer  did  not 
exhibit  softening  behavior  until  beyond  Z6b°C  (SIO^F). 

Additionally,  transparent,  injection  moldable,  aliphatic 
polyurethanes  have  been  produced  with  softening  points  in  the 
range  of  ISO-C-ITB^C  {300''F-350'>F). 

Other  physical  properties,  such  as  tensile  strength, 
modulus,  abrasion  resistance,  etc.,  of  CHDI  and  PPOI  derived 
polymers  are  not  sacrificed  in  order  to  achieve  better  high 
temperature  resistance. 
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As  might  be  expected,  highly  ordered,  phase  separated 
polyurethanes  exhibit  enhanced  resistance  to  hydrolysis  as 
measured  by  change  in  tensile  strength  after  iiroierslon  in  95“C 
water. 
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SANTOWEB*  FIBER  REINFORCEMENT  OF  RUBBER  COMPOUNDS 


LLOYD  A.  WALKERI.  WILLIAM  W.  PARISl,  JOHN  B.  HARBER2 
(l)Monsanto  Polymer  Products  Company,  Akron,  Ohio;  (2)Brad 
Ragan  Rubber  Company,  Radford,  Virginia 


1.  OFF-THE-ROAD  (OTR)  TIRE  TREADS 


IHTSODUCTION 

The  large  off-che-road  (OTR)  aiaing  tires  of  today  are  frequeatly 
required  to  aeet  a  variety  of  deaanda,  depending  on  the  application 
or  use.  In  one  case,  the  tires  used  on  loader  vehicles  are 
coononly  exposed  to  very  rough,  sharp  surfaces  with  the  result 
often  being  chipping/chunking  of  treads.  Since  sMst  vehicles  of 
this  type  operate  at  very  low  speeds,  heat  generation  is  sooetines 
'  a  factor  but  not  nearly  to  the  extent  it  is  in  haulage  equipaent 
where  large  loads  are  carried  at  relatively  high  speeds.  In  many 
of  these '  latter  cases ,  the  high  heat  build-up  aay  be  accooipanied 
by  soae  chipping/ chunking,  particularly  if  abrasive  surfaces  are 
present.  To  date,  it  has  generally  been  observed  that  two  or  more 
distinct  types  of  tread  compounds  are  used  to  meet  particular 
needs.  The  tread  is  referred  to  particularly  because  the  tread 
provides  most  of  the  contact  with  damage-causing  surfaces. 
Engineering  and  design  are,  of  course,  also  critical  in  obtaining 
optimum  durability  but  the  work  reported  herein  is  directed  to 
compounding  only.  The  objective  of  this  paper  is  to  report 
advances  in  compounding  leading  to  improved  durability  of  both 
loader  and  hauler  tires  with  the  same  compounds. 

''uitial  efforts  have  been  directed  toward  reducing  heat 
build-up.  Major  improvements  were  realized  in  an  all-natural 
rubber  cooipound  (no  synthetic'  rubbers),  by  utilizing  reduced 
reinforcing  filler  levels ,  accompanied  by  increased  curative 
levels  to  maintain  or  improve  other  properties  (^).  Further 
ifjiprovements  were  observed  through  the  use  of  reduced  sulfur 
together  with  increased  accelerator  or  sulfur  donors.  The 
primary  variables  and  results, of  that  work  are  summarized  in  Table 
1.  It  will  be  observed  that  a  combination  of  carbon  black  and 
hydrated  silica  is  used  for  reinforcement,  reflecting  the  industry 
thinking  related  to  the  beneficial  effects  of  some  silica  on  tear 
strength,  which  property,  in  turn,  is  thought  to  be  related  to 
chipping/ chunking  resistance.  Thus,  one  sees  in  this  initial 
effort  our  approaches  to  both  reduced^  heat  build-up  and 
chipping/ chunking  resistance.  An  ioiportant  note  is  to  be  made 
here:  heat  build-up/bysteresis  properties  can  be  measured  in  a 
number  of  ways  in  laboratory  tests  (and  can  usually  be  confirmed 
in  tire  tests),  but  chipping/ chunking  is  another  matter  and  it  is 
very  difficult  to  correlate  lab  tests  with  field  service.  With 
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TABLE  1* 


EFFECTS  OF  REDUCED  FILLER/ INCREASED  CURATIVES 
TENSILE,  TEAR,  AND  DYNAMIC  PROPERTIES 


Control 

Exp  1 

Exp  2 

Ex2_3 

N-231  Black 

45 

40 

40 

40 

40 

Silica 

20 

12 

12 

12 

12 

Oil 

6 

■» 

3 

3 

3 

Sulfur 

2.4 

2.4 

2.4 

1.5 

1.5 

MBS 

0.7 

- 

- 

«i 

- 

TBBS 

- 

1.2 

0.7 

1.5 

0.7 

DTDM 

- 

- 

0.5 

- 

0.9 

Optimum  Cure  @1A4“C 

Heat  Build-up,  ®C 

:60 

15 

16 

- 

- 

Blow-Out  Time,  Mins. 

2 

21 

18 

- 

- 

Die  C  Tear,  kN/m 

60.4  112.7 

132.1 

- 

- 

6  Hours  Cure  @132®C 

Heat  Build-up,  °C 

75 

> 

- 

18 

17 

Die  C  Tear,  kN/m 

34.3 

- 

- 

103.8 

97.9 

Tensile  Strength,  MPa 

19.3 

- 

- 

28.2 

27.3 

*Base  Compound  NR  100, 
TMQ  2.0. 

Zinc  Oxide 

5.0, 

Stearic 

Acid  2.0, 

6PPD, 

thp  above  <•  «  base,  the  results  of  further  coopounding  variations 
to  yield  further  improveoents  in  durability  are  described.  These 
variables  include  a  treated  cellulosic  fiber  (TCP*),  partial 
replaceoent  of  natural  rubber  with  SBR,  and  Combinations  of  these 
with  semi-E.V.  cures. 


EXPERIMENTAL 

Mixing:  All  masterbatches ,  less  curatives,  were  prepared  in  a 
Laboratory  "00"  Banbury  Mixer  or  in  a  Factory  (lUl  Banbury  Mixer 
(for  tire  tests)  using  conventional  mixing  techniques.  Final 
addition  of  curatives  was  carried  out  by  normal  mill 
addition/mixing  at  70*0  or  in  a  #9  Banbury  Mixer  with  a  maximum 
temperature  of  94®C. 

*Monsanto's  SantowebS  DX. 
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Processing  characteristics  (Hooney  Scorch)  were  oeasured  on  the 
Monsanto  Mooney  Viscometer  (ASIM  0*1646-81). 

Curing  characteristics  were  determined  on  the  Monsanto  Rheometer 
Model  R-lOO  at  desired  curing  temperatures  (ASTM  0-2084-81. 
Optimum  cure  was  taken  as  time  to  90%  of  the  difference  of  maximum 
torque  minus  minimum  torque.  Freparatio?  and  curing  of  test 
samples  followed  ASTM  0-3182-74.  Retreaded  OTR  tires  for  these 
testa  were  produced  by  the  Battlugt  process  in  Brad  Ragan  Rubber 
Company  shops. 

Physical  properties  (stress-strain)  were  carried  out  as  per  ASTM 
0-412,  using  the  Monsanto  Tensoaieter  500.  Hardness  was  sieasured 
as  Shore  **A". 

Tear  tests  followed  the  Method  in  ASTM  0-624  for  the  Die  C  Tear 
Strength  as  well  as  an  internally  developed  Trouser  Tear  Test  (^) 
and  a  test  to  measure  tear  of  thick  specimens  ^more  practical). 
The  latter  test  is  described  in  Appendix  A. 

Tests  for  dynamic  properties  (heat  build-up)  were  carried  out  as 
prescribed  in  ASTM  0-623  for  the  Goodrich  Flexometer.  The 
Monsanto  Fatigue-to-Failure  Tester  was  used  for  fatigue  testing. 
Rebound  was  measured  with  the  lupke  Test.  Abrasion  resistance,  was 
measured  as  per  ASTM  0-2228  with  the  Pico  Abrasion  Tester. 

Cut  growth  was  measured  with  the  DeMattia  Flex  Tester  according  to 
ASTM  0-313  and  with  the  BFG  Ring  Flex  Tester  (measure  hours  to 
growth  of  a  cut  •  usually  to  SH  the  original  cut). 

Tread  performance  was  determined  by  visual  inspections  of  tires  on 
mining  vehicles. 

Chipping/chunking  resistance  was  measured  with  an  in-house  built 
gu:* 'lotine-type  instrument  (^),  which  records  the  number  of  blows 
to  chunk-out  or  break.  See  Appendix  B  for  details  of  the  most 
recent  procedure. 


RESULTS 


Treated  Cellulose  Short  Fibers 


The  past  decade  has  seen  the  development  of  a  series  of  cellulose 
short  fibers  made  dispersible  in  a  number  of  elastomers  through 
various  treatments.  The  major  uses  of  these  fibers  have  been  at 
relatively  high  levels  (5-30  phr)  to  provide  composites  with  high 
green  strength,  increased  stiffness,  reduced  swell,  and  higher 
load  bearing  capacity  among  other  improved  properties.  Such 
levels,  however,  were  not  compatible  with  tire  tread  processing. 
The  properties  obtained  did  provide  a  basis  for  speculation  chat 


tBanlug  is  a  registered  trademark  of  Brad  Ragan  Co. 
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lower  levels  might  provide  some  resistance  to  external  forces  in  a 
OKchanical  manner. 

Considerable  laboratory  (*)  studies  were  oude  to  define  any 
possible  indicators  that  tire  performance  night  be  improved. 
Unfortunately,  nothing  outstanding  was  observed  to  Justify  tire 
tests  other  than  modest  increases  in  tear  strength;  in  fact,  both 
abrasion  resistance  and  heat  build-up  usually  are  slightly  off  with 
the  TCP.  However,  the  potential  for  improved  chipping/chuhking 
resistance  was  sufficient  to  initiate  a  joint  test  program  between 
our  companies  to  evaluate  the  effects  of  the  fibers  in  retreaded 
OTR  tires.  As  a  result,  one  fiber  grade  designated  as  TCP,  was 
chosen  for  its  compatibility  with  conventional  uhsaturated 
elastomers.  Tread  compounds  were  factory  mixed  and  tires  ranging 
in  size  from  18.00  X  33  and  24.00  X  35  for  haulers  to  65.35  X  33 
for  loaders  were  retreaded.  Tests  were  carried  out  in  rock 
quarries  and  mines  in  many  locations  in  the  U.S.;  e.g.  Georgia, 
Florida,  Pennsylvania,  New  York,  and  others  where  hundreds  of 
tires  were  evaluated. 

Initial  tests  included  a  combination  of  TCP  and  hydrated  silica 
(7.0  phr)  in  comparison  with  a  currently  used  and  good  performing 
all-natural  rubber  tread  with  all-black  filler  and  both  with 
conventional  curing  systems.  Compared  to  the  above  referred  to 
laboratory  test  results,  the  results  in  the  field  were  outstanding 
to  say  the  least.  The  following  lists  the  advantages  observed  in 
this  field  test: 

•  Very  smooth  tread  surfaces  -  very  little,  if 

any,  chipping/chunking.  See  Figures  1  and  2. 

•  Large  reductions  in  wear  rate  (50-100X  increase 

in  tread  life). 

•  Periods  of  essentially  no  wear  over  many  hours 

of  service. 

The  basic  variables  and  test  results  are  seen  in  Table  2,  \,here 
tear  aid  chipprng/cbunking  tests  show  only  very  modest  indications 
of  the  resulting  tire  performance  -  of  both  loader  and  some  hauler 
tires.  It  should  be  observed  that  cutting  was  not  prevented,  but 
growtn  of  the  cut  was . 

Since  these  initial  trials  contained  two  changes  -  both  TCP  and 
silica  -  and  as  usu.il  with  any  new  changes  in  the  factory,  a  very 
slight  increase  in  toughne.'s  seen  at  the  mill  was  a  mild  source  of 
complaint,  a  new  test  without  silica  was  begun.  These  were  again 
all-natural  rubber  treads  with  reduced  black  levels  (lower 
viscosity  and  heat  build-up)  plus  TCP  but  no  silica.  Hundreds  of 
tires  were  also  involved  here.  Table  3  shows  the  major 
variables  and  results  in  tests  similar  to  those  in  the  first 
trials.  Here  the  durability  is  still  significant,  with  negligible 
chipping/ chunking,  but  slightly  shorter  tread  life  compared  to  the 
TCP/silica  combination.  In  addition,  the  lab  tests  show 
significant  reductions  in  heat  build-up  for  the  second  compound 
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FIGURE  1  ■  Control  tread  at  1100  hours  service 


FIGURE  2.  TCF/Silica  tread  at  2800  hours  service 


TABLE  2 


TCF/SILICA  IN  OTR  TREAD  COMPOUNDS  (100  NR) 


Control 

Experlaenti 

Carbon  Black 

50.00 

45.00 

Silics 

- 

7.00 

TCF 

- 

2.50 

Sulfur 

2.25 

2.00 

TBBS 

0.60 

1.00 

Laboratory  Teats 

Shore  "A”  Hardness 

69 

67 

300%  Modulus,  MPa 

12.14 

7.B1 

Elongation,  X 

522 

596 

Die  C  Tear,  Kn/a 

65.6 

81.9 

Fatigue,  KC  to  Fail 
( lOOX  Extension) 

29 

54 

OeMattia,  KC  to  Break 

250 

100 

Ring  Flex,  Hrs.  to  SX 

51 

56 

Chipping/Chunking  Reals 

tance 

Blows  to  Break 

230 

300 

Tire  Tests 

Hours  to  50%  Reduction 
in  Tread  Depth 

1020 

2180 

Appearance  of  Tread 

Rough/ebunk-outs 

Saootb 

Predicted  Life  (Hours) 

2000 

4000+ 

(bo  tlllca,  low  black,  TCT)  aod  it  aay  b«  aorc  tdvantaicoua  for 
baulara  ia  boc  woathar  ar«at.  Cblppiai/cbrakiag  rcaulta  w«r« 

surprialofly  low  bore  at  cowpared  with  prcvlout  rttulta,  but  It 
•ay  alto  point  to  tbo  tffret  of  tilica  on  tear  ttrengtb.  A 

tuaaiary  of  the  tett  retulta  for  both  of  the  TCF*containin|  treadt 
on  tread  wsar  is  seen  in  Figure  3.  It  oust  be  esphasized  agaio  at 

tbit  point  tbat  the  laboratory  data  still  Is  not  effective  in 

predicting  tire  test  results. 
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TABLE  3 


TCF  IN  OTR  TREAD  COMPOUNDS  (100  NR) 

Control 


Carbon  Black 

Process  Oil/Pine  Tar 

TCF 

Sulfur 

TBBS 

50.00 

10.00 

2.25 

0.65 

Laboratory  Results 

Shore  "A”  Hardness 

66 

300!l  Modulus ,  MPa 

13.19 

Elongation, X 

501 

Trouser  Tear  Fi ,  N 

14.23 

Lupke  Rf bound,  %  @24®C 

,  ^TO^C 

63 

72 

Rate  of  Rebound  Decay 
@24»C  (-) 

@70"C  (•)  . 

0.159 

0.129 

Fatigue,  KC  to  Fail 
(100%  Extension) 

111 

Goodrich  Flexoaieter 

AT,  "C 

X  Set 

38 

21.2 

Pico  Abrasion  (R.I.) 

156 

BFG  Ring  Flex 
Hours  to  5X 


Chipplng/Chunkini  Resistance 

Blows  to  Break  158 

Tire  Tests 

Hours  to  50%  Reductioa  in 

Tread  Depth  1020 

Appearance  of  Tread  Rough/ chunk- outs 

Predicted  Life  (Hours)  2000 


Experlaental 


42.00 

4.00 

2.50 

2.25 

0.75 


65 

11.05 

556 

20.46 

71 

78 


0.120 

0.095 

78 


19 

12.3 

133 

77 

129 


1900 

Saooth 

3600 


FIGURE  3.  Effect  of  TCF  on  OTR  tread  wear. 


These  treads  are  still  perfonsing  well  but  acre  is  still  to  co«e, 
after  the  next  phase  of  work  on  OTR  tread  durability. 


Replacesieot  of  Ratural  Rubber  With  SBR 

Initial  work  directed  at  replacipg  natural  rubber  with  SBR  was 
strictly  cost  related,  based  upon  prevalliat  elastoaer  prices. 
The  objective  was  to  obtain  hysteresis/heat  build-up  properties 
for  lOOX  SBR  which  were  equivalent  to  lOOX  natural  rubber.  This 
was  accoaplished  by  the  use  of  lower  carbon  black  levels  (auch 
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lover  than  usual  for  SBR  but  typical  for  MR)  plus  increased 
curatives  -  but  with  a  large  sacrifice  in  tear  strength,  which  we 
have  seen  say  be  a  key  factor  in  service  perfomance.  With  OTR 
tire  performance  in  mind,  it  was  then  decided  to  investigate  the 
partial  replacement  of  MR  with  SBR  to  take  advantage  of  properties 
of  both  elastomers.  An  extensive  laboratory  program  was  carried 
out  with  replacement  of  20,  40,  and  60%  of  the  MR  with  SBR  1500. 
These  variations  were  complemented  with  cure  system  modifications 
(semi-E.V.)  and  use  of  silica  as  a  partial  replacement  of  carbon 
black,  along  with  other  factors  such  as  bonding  agents  (resorcinol 
and  methylene  donors).  Mo  attempt  will  be  made  to  report  the 
results  of  the  whole  program,  but  the  critical  results  indicating 
possible  improvements  over  past  work  are  recorded  an  follows; 

•  A  comparison  of  the  various  levels  of  SBR  (Table  4) 
shows  the  best  balance  of  properties  for  60/40  MR/liBR  ratio, 
especially  related  to  tear  and  dynamic,  properties.  This  directs 
emphasis  on  tear  to  trouser  tear,  not  Die  C.  Mate  slight 
adjustments  in  sulfur/accelerator  ratios  to  acc-'^aaiodatc  the  SBR. 

*  Partial  replacement  of  carbon  black  with  i  hydrated 
silica  provided  definite  improvements  in  chippie g/chunking 
resistance  and,  as  already  observed,  in  tear  strength. 

Table  5  shows  the  significant  results  with  both  MR  and 
MR/SBR  (60/40)  with  the  silica  usage.  Addition  of  bonding  agents 
is  somewhat  questionable  and  requires  additional  cuiativts  to 
maintain  modulus  (as  does  silica),  but  past  work  has  ihown  some 
advantage  in  tear  strength.  Overall,  however,  the  60^40  MR/SBR 
with  40/10  carbon  black/silica  and  a  semi-E.V.  cure  system  appears 
optimum. 

«  One  would  then  conjecture  that  the  cooipound  mentioned 
above  plus  TC7  would  provide  significantly  lmpro>’ed  field 
performance.  The  next  phase  of  this  work  involved  the  a>pliration 
of  much  of  the  foregoing  lab  and  field  work  results  to  further  tire 
tests  using  retreads  as  before.  The  key  changes  made  in  this  work 
were: 

1.  MR/SBR  blends  in  place  of  all-MR. 


2.  Semi-E.V.  cure  system  (1.5/1. 5  accelerator/sulfur). 

3.  TCP  -  but  no  silica  at  this  point. 

Inspection  of  about  30  (out  of  130)  tires  in  underground  nines 
were  then  made  with  the  following  observations: 

*  Operating  conditions  were  very  severe;  in  many  cases, 
water  and  sharp  objects  combined.  Considerable  spinning  in  some 

areas . 

*  Previous  tires  have  failed  in  20  hours  or  i.ess  in  a 
number  of  cases. 
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TABLE  4* 


PARTIAL  REPLACEMENT  OF  NR  WITH  SBR 


1 

2 

3 

4 

SMR-5CV 

100.0 

80.0 

60.0 

40.0 

SBR  1500 

- 

20.0 

40.0 

60.0 

Sulfur 

2.2 

2.0 

2.0 

2.0 

MBS 

0.8 

1.0 

1.1 

1.2 

Mooney  Scorch  @121“C 

Minutes  to  S  Pt.  Rise 

42 

55 

62 

67 

Rheosteter  9l50‘’C 
tgo,  Minutes 

15.2 

19.8 

23.7 

27.8 

300t  Modulus.  MPa 

10.72 

10.76 

10.66 

11.12 

Die  C  Tear  Strength,  kN/a 

112 

123 

45 

40 

Trouser  Tear  (All  Knotty  Tearsl 

Max  Tear,  N 

14.2 

17.8 

36.5 

80.5 

Frequency  of  Knots 

18 

13 

8 

4 

Lupke  Rebound 

X  Rebound 

69 

66 

65 

65 

Rate  of  Decay  (-) 

.144 

.167 

.166 

.172 

Goodrich  Flexometer 

(.44  ca  Stroke;  1.55  MPa  Load;  100*’C; 

30’) 

AT,  "C 

34 

31 

32 

33 

T  Set 

20.2 

16.6 

12.4 

14.2 

♦Rubber  100,  N-330  Black  50, 

Oil  5.0, 

Zinc  Oxide  3.5, 

Stearic  A^id  2.0,  6PPD  2.0, 

TMQ  1.0, 

Wax  1.5 

•  These  tires  hive  been  -n  service  up  to  ooe  yeir  bow; 
thus,  soae  aew  and  others  with  several  thousand  hours. 

•  All  appear  the  sane  -  smooth  surfaces  with  essentially 
no  chipping/chuaking.  See  Figures  4  through  6.  Note  also  very 
little  shoulder  wear. 

It  is  appropriate  at  this  point  to  describe  a  new  trouser-type 
tear  test  developed  in  the  Brad  Ragan  laboratories.  The  major 
variation  in  this  test  from  others  in  cotmon  use  is  the  thickness 
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TABLE  5 


EFFECTS  OF  SILICA  AND  BONDING  AGENTS 


1 

2 

3 

4 

5 

* 

• 

SMR-5CV 

100.0 

100.0 

100.0 

100.0 

100.0 

SBR  1500 

- 

» 

- 

40.0 

40.0 

N-330  Black 

.50.0 

40.0 

40.0 

40.0 

40.0 

HiSil*  233 

- 

10.0 

10.0 

10.0 

10.0 

Sulfur 

2.5 

2.5 

2.5 

1.5 

1.5 

MBS 

C.8 

1.5 

1.5 

1.5 

2.0 

DTDM 

- 

- 

1.0 

0.6 

1.0 

Penacolitef  BIBS 

- 

- 

3.5 

- 

3.5 

HMMM 

- 

- 

2.5 

- 

2.5 

Mooney  Scorch  @121"C 

Minutes  to  5  Pt.  Rise 

27.6 

28.0 

20.0 

40.5 

27.0 

300X  Modulus,  MPa 

13.62 

12.96 

12.18 

12.41 

11.33 

2  Hrs.  Cure  @127“C 

Trouser  Tear,  N 

8.9 

6.2 

13.3 

34.7 

19.6 

Goodrich  Flexometer 
(17.5%  Deflection,  155  MPa 
Load,  100"C,  30’) 

AT,  ®C 

26 

18.0 

23.0 

25.0 

32.0 

X  Set 

11.9 

9.1 

12.7 

9.6 

15.2 

Chipping/Chunking  Resist* 

Blows  To  Fail 

328 

402 

371 

493 

386 

Pico  Abrasion 

Relative  Index 

171 

187 

149 

185 

122 

^Registered  trademark  of  Pittsburgh  Plate  Glass  Co. 
tRegistered  trademark  of  Koppers  Co. 


of  the  samples  tested  -  which  are  more  ia  line  with  large  OTR 
treads  thaa  are  thinner  specimens  normally  used.  This  test  has 
predicted,  with  considerable  accuracy,  the  performance  of  OTR 
treads  in  Che  field,  particularly  tear  and  chipping/ chunking 
resistance,  and  such  was  the  case  in  the  underground  mine  tires. 
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CTA  Old  Retread  New  Tire 

Underground 

Mine-Retread  (No  TCP) 

(TCP) 

FIGURE  4.  CTA  tire  with  TCF  vs.  old  retread  and  new  tread. 


The  test  apparatus  consists  of  an  air-operated  cylinder  with 
suitable  controls  and  sample  vise-clamps  to  pull  the  test  sample 
apart.  The  force  required  to  tear  the  specimen  is  measured  on  a 
spring  scale  connected  to  the  opposite  side  of  the  specimen 
through  a  pulley  linkage. 

The  sample  is  0.63S  cm  thick,  13.42  X  18.42  cm  sheet  cured  under 
appropriate  conditions  (usually  20'  and  30'  @143*’C).  Test 
specimens  are  cut  running  with  the  grain  and  across  the  grain  as 
the  stock  comes  from  the  laboratory  mill.  A  slit  of  1.27  cm  is 
made  at  the  center  of  one  end  to  provide  gripping  for  the  clamps. 

An  example  of  the  results  of  this  test  is  seen  in  Table  6,  where 
the  new  treads  with  TCF  (CTA  Premium)  shows  superb  performance. 
Even  the  standard  quality  tread  with  TCF  showed  good 
chipping/ chunking  resistance.  In  fact,  the.  treads  with  TCF  did 
not  tear  to  break  due  to  limitations  of  the  load  (the  general 
purpose  did  break).  Since  that  time,  a  modified  version  using  a 
tester  with  500  lb. /inch  load  capacity  has  been  developed  in  the 
Monsanto  laboratories  (described  in  Appendix  A).  Table  7 
illustrates  even  more  the  effect  of  the  TCF  using  the  modified 
test. 
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FIGURE  5.  CTA  tire  in  service. 


CONCLUSIONS 


Based  upon  these  laboratory  and  tire  tests,  the  following 
conclusions  are  drawn: 

•  There  is  little  correlation  of  laboratory  and  field  tire 
test  data  except  for  the  "new”  Trouser  Tear  Test,  which  does 
predict  tfre  te^t  results. 

•  The  use  of  TCT  does,  without  a  doubt,  ijnp rove  resistance 
to  chipping/ chunking. 

•  Partial  replacement  of  carbon  black  with  hydrated  silica 
does  enhance  performance  in  the  lab  and  in  the  field. 

•  A  combination  of  NR  and  SBR  appears  to  be  the  overall 
best  elastomer  system  when  combined  with  scmi-E.V.  cures  and  the 
other  variables  already  referred  to  (TCP,  etc.). 
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TABLE  6 

NEW  TROUSER  TEAR  TEST:,  CORRELATION  WITH  FIELD  PERFORMANCE 


Laboratory  Field  Pe-formance 


Avg.  Pull 

... 

Coatpound 

CTA  (Uaderground  Mioe)  37.76 
Preniua  NR/SBR 
Se«i-E.V.  Cure/TCF 


Q&H  (Quarry  and  Haulage) 
Standard  (with  TCF)  37.2 


OEM  (General  Purpose) 

Tread  (no  TCF)  33.05 


Std. 

Dev. 


0.628  10  (No  chipping/ 
chunking) 

Long  wear 


2.2  9.0  (Very  light  , 

chipping/ chunking) 
Good  wear 


2.41  ,7.5  (''hipping/chunking) 

Moderate  wear 


TABLE  7 


MODIFIED  TROUSER  TEAR  TEST  (APPENDIX  A) 


Compound  Avg.  Pull  (Kg) 

CTA  (Underground  Mine) 

Premium  NR/SBR  67.2 

Semi-E.V.  Cure/TCF 


Std.  Dev. 

0.91 


Q&H  (Quarry  &  Hauler)  59.9  2.1 

Standard  (with  TCF) 


OEM  (General  Purpose) 


33.05 


2.4 
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Thu*,  •  typical  coapouad  to  provide  both  hauler  and  loader  treads 
of  high  pdrfonnaace  is  suggested  as  follows: 


NR 

60.0 

TMQ 

2.0 

SBR 

40.0 

6PPD 

2.0 

N-231  Bli 

ck 

40.0 

TCF 

2.25 

Silica 

10.0 

Blended  Wax 

1.5 

Oil 

3.0 

Sulfur 

1.5 

1.5 

Zinc  Oxic 

e 

5.0 

(MBS  or  TBBo)  Sulfenaaide 

1.5  or 

0.7 

Stearic  Acid 

2.0 

DTDM 

0.6 

1.5 
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APPENDIX  A 


BRAD  RAGAH/MONSAMTO  TROUSER  TEAR  TEST 


A.  APPARATUS 

.  1.  DeMattia  Flex  mold  ■*  double  specimea  ■*  See  Figure  1. 

2.  laatroa,  T-10  or  any  suitable  testing  device  wicb  load 
cell  500  lb. /in.  load  capacity. 

3.  10"  Hyde  rubber  knife. 

B.  mUING  AND  CURING  SAMPLE 
Milling  the  compound: 

1.  Grain  direction  is  very  important  regardless  of  the 
incorporation  of  Santoweb  into  the  compound.  Samples  can  be  run 
with  the  grain  and  against  the  grain  to  determine  optimum  -'onditions. 
Sheet  stock  off  mill  at'  .2.55  ■  .260"  and  cut  specimens  to  fit  aK>ld. 

2.  Curing:  cure  to  optimum  condition  labeling  sat.  le  clearly 
as  to  stock  and  grain  direction. 


0.  SAMPLE  PREPARATION 


1.  A  DeMattia  flex  specimen  approximately  1"  X  6’  is  cut  in 
two  pieces  at  the  curved  indentation  to  obtain  duplicate  'amples  2" 
X  3”  in  size.  The  DeMattia  specimen  is  not  necessarily  >  quired; 
any  type  roughly  k"  thick  would  be  permissable  However,  the  , 
DeMattia  is  recommended  for  ease  of  handling  and  efficiency/ 
reproducibility. 

2.  With  a  Hyde  rubber  knife  or  other  suitable  cutting  tool, 
place  a  1"  cut  in  the  center  of  each  specimen  cutting  from  the  edge 
containing  the  indentation.  (See  Figure  2). 

3.  Label  each  sample. 


D.  PROCEDURE 

1.  Calibrate  tensile  tester  for  500  lb. /in.  full  scale, 
5"/min  C/H,  5"/mia.  recorder  speed. 

2.  Appropriate  clamping  is  important  because  of  slippage  and 
lurge  amount  of  force  needed  to  tear  sample. 

3.  Ciamp  each  end  of  the  tasqple  into  the  clamp,  fasten 
securely.  Note;  prepared  saaiple  resembles  s  trouser  tear  con¬ 
figuration. 
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FIGURE  1.  DeMattia  flex  specimen. 


\ 


FIGURE  2.  DeMattia  flex  specimen  cut  In  center. 

4.  StJrC  rrotf  h«*d  and  coatiau*  pull  until  laapla 
separates  (See  sttarhed  chart). 

5.  Pull  all  sasples  in  sat  ustag  sa»a  procadura. 

6.  Save  all  savples  for  observatloo  of  tear  charscterlsties 


APPENDIX  B 


MOKSANTO  CHIPPING  AND  CHDNKINg  TEST 

SCOPE 

Ibis  MCbod  dcacribea  a  laboratory  taat  for  the  avaluatioa  or  the 
chipping  and  chunki,ng  reaiatancc  of  rubber  coepouada. 


APPARATUS 

A.  Presa  with  a  6S0.4hg  capacity  and  teaperatura  control. 

B.  A  three-piece,  6-cavity  aold  for  curing  S.Blaa  long  X  3.17Sca 
wide  X  1.27c«  thick  Chevron- ahaped  teat  apeciaMn.  The  attached 
showa  the  Individual  teat  apeciaien  and  givea  diaenaiona  on  aolded 
aaaplea. 

C.  A  guillotine  tetter  conaiating  of  a  blunt  blade  having  a 
radiuaed  edge  0.63Sca  thick  inaerted  in  a  head  of  2.27kg  total 
weight.  Any  apparatua  auicable  for  conaiatently  dropping  the  blade 
froa  a  height  of  4S.72ca  nay  be  uaed.  An  example  ia  thown  in  the 
attached  along  with  the  diaenaiona  of  the  blade  and  ita  poaition 
relative  to  the  teat  apeciaen. 


Guillotine  tester. 
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Blunt  blade  and  Its  postion  to  test  specimen. 


SAMPLE  PREPAjtATIQH  /WO  CUPIMC  PHOCEDUR£ 

A.  Mill  sb«et  of  rubber  to  0.635cti  tblcliness.  Ply  piocoi  of  ttock 
together  to  fom  six  specioMos  coaformiog  to  the  general  shape  of 
•old  (dlfflenslons  should  be  slightly  greater  thao  those  of  SMld  tc 
insure  good  fill  but  should  not  exceed  aeasuresMats  by  More  than 

0. 159cm). 

3.  Preheat  press  and  void  at  desired  cure  temperature. 

C.  As  quickly  as  possible,  resove  sold  froa  press,  fill  with 
pre-shaped  speciaens,  close  sold  and  replace  in  press. 

0.  "Buap''  press  (open  and  close)  twice  to  reaove  air.  Close  press 
to  680.4kg  and  cure  for  desired  length  of  tiae  (due  to  thickness  of 
saaple,  it  suggested  that  five  alnutes  be  added  to  noneal  cure  time 
to  insure  uniform  vulcanixation) . 

B.  Remove  specimen  at  end  of  cure  time  and  cool  in  water. 

TEST  PROCEDURE 


A.  Each  sample  (a  miaiisum  of  six  samples  ;.vr  rubber  stock  is 
suggested)  is  preheated  in  an  oven  at  80*C  ic r  20  minutes.  After 
conditioning,  it  is  placed  in  the  sample  holder  which  is  maintained 
at  70‘C.  Each  sample  receives  50  blows  (cycles)  of  the  guillotine 
from  a  height  of  45.72cm. 
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B.  After  the  50  cycles ,  the  seople  ic  iaspected  for  the  fonutlon 
of  cracks  or  chips. 

C.  If  specioen  is  undasaged,  it  is  aged  for  two  days  at  100‘C  and 
givea  a  further  50  blows  after  conditioniag  as  described  in  Step  A. 

D.  The  cycle  of  aging,  cooditiooing,  and  testing  is  repeated  until 
chipping  or  chunking  has  occurred  on  the  test  specimen. 

REPORT 

A.  The  average  number  of  blows  required  to  cause  cracking  or 
chipping  on  six  specimens  per  rubber  stock  is  reported. 


2.  THE  HONSANTO  COKPOSITE  HOSE  PROCESS 


INTRODUCTION 


Nonsanto  has  developed  a  new  process  enabling  low'-to-medium 
pressure  hose  to  be  manufactured  in  one  step,  instead  of  the 
customary  3  steps;  i.e.  extrusion  of  innerliner,  application  of 
textile  reinforcement  by  braiding  or  knitting,  and  extrusion  of 
cover. 

The  advantages  are  that  less  equipaent  and  manpower  are  required 
and  cost  reductions  of  up  to  201  have  been  demonstrated. 

It  is  based  on  the  following  concepts: 

(A)  The  incorporation  of  Santoweb  fiber  into  the  matrix 
which . reinforces  the  polymer.  When  bonded  chemically  to  it,  these 
short  fibers  replace  the  textile  braiding  or  knitting. 

(B)  Extrusion  of  the  short  fiber/polymer  cosn>oslte  through 
a  specially  designed  die  which  preferentially  orients  the  fibers 
in  the  circumferential  direction.  The  anisotropy  created  gives  the 
hose  the  necessary  atrength  to  resist  cross  sectional  internal 
pressures  but  insures  flexibil.ity  is  maintained  longitudinally. 
(For  information  on  patents,  see  Appendix  A). 

After  extrusion,  a  rubber  hose  can  be  vulcanized  immediately 
without  support  and  the  fiber  is  sumultaneoualy  crosslinked  to  the 
matrix.  In  the  case  of  PVC,  the  bonding  occurs  by  virtue  of  a 
patented  bonding  agent,  and  after  cooling  the  hose  requires  no 
further  trextaent. 

The  basic  process  produces  utraight  hose,  but  shaped  hose  can  also 
be  made  either  on  mandrels  or  by  direct  extrusion  shaping  with  a 
moving  die. 

If  desired,  a  colored  or  protective  cover  can  be  co-extruded. 
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The  priaclples  of  the  process  can  also  be  applied  to  the 
reinforceneat  of  the  ionerlicer  of  high  pressure  hose.  The 
presence  of  the  fiber  increases  the  strength  and  improves 
resistance  to  cord  strike-through  during  both  production  and 
service. 

This  briefly  describes  the  Monsanto  process,  highlighting  its 
advantages  and  aMjor  technical  features. 

EXPESIMmAL 

Whenever  a  short  fiber/polyner  composite  is  made  to  flow  in  a 
given  direction,  the  fibers  become  aligned  parallel  to  the  flow 
direction.  Fiber  orientation  produces  anisotropy  which  shows  as 
differences  in  stress-strain  properties  when  measured  parallel  (O'*) 
and  perpendicular  (90”)  to  the  fiber. 

The  simplest  example  of  orientation  produced  by  flow  is  in  milling 
or  calendering.  Figures  1  and  2  illustrate  the  anisotropy  in 
tensile  SMdulus  and  elongation  at  break  of  typically  milled 
composite  sheets  as  it  varies  with  fiber  concentration. 


FIGURE  1-  Variation  of  Modulus  with  Fiber  Concentration. 


In  these  milled  sheets,  ph/sical  properties  are  at  a  maximum  wheu 
measured  at  an  angle  of  0”  to  the  orientation  and  «  minimum  at  90” 
to  it. 

Similarly,  if  a  coarnosite  is  extruded  through  a  conventional  tube 
die,  the  flow  will  cause  the  fiber  orientation  to  be  in  the  length 
or  axial  direction.  Such  a  tube/hose  would  be  stiff  and  have  no 
resistance  to  pressure  because  the  maximum  strength  is 
perpendicular  to  the  circumferential  application  of  stresses. 
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FIGURE  2.  Variation  of  Elongation  with  Fiber  Concentration. 


This  can  be  overcome  if  the  fibers  can  be  orientated  in  the 
circumferential  direction  during  extrusion.  Figures  3  and  4 
illustrate  the  two  contrasting  orientation  patterns. 

The  configuration  in  figure  4  can  be  achieved  using  the  patented 
Monsanto  conically  expanding  mandrel  die. 


FIGURE  3.  Short  Fibers  Orientated  in  Axial  Direction. 


The  die  functions  on  the  principle  that  when  a  short  fiber 
composite  flows  in  an  expanding  channel,  the  matrix  is  stretched 
in  a  direction  perpendicular  to  the  forward  flow,  and  this 
stretching  effect  turns  the  fibers  progressively  with  respect  to 
the  forward  motion  -  the  angle  of  orientation  of  the  fibers  being 
related  directly  to  the  degree  of  expansion. 

This  effect  la  illustrated  in  Figure  S  which  gives  a  diagrammatic 
impression  of  changes  in  fiber  orientation. 
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FIGURE  4. 


Shoi't  Fibers  Orleatated  in  Circuaferential  Directioa. 


FIGURE  5 .  Diagraautic  Illustration  of  Fiber  Orientation  on 
Passing  Through  a  Conically  Erpanding  Die. 


A  typical  conically  expanding  oundrel  die  is  shown  in  Figure  6. 
FORHUIATIOH  OF  THE  COMPOSITE 

The  choice  and  concentration  of  ingredients  used  are  critical  in 
obtaining  satisfactory  performance. 


FIGURE  6. 


Monsanto  Die. 


Rubber  Matrix 

The  choice  of  matrix  is  determined  by  the  compatibility  of  the 
hose  with  the  media  that  it  will  contact,  both  internally  and 
externally.  In  general,  EPOM  or  SBR/NR  blends  are  used  for  hose 
which  will  transport  water  or  aqueous  fluids,  and  air:  RBR  or 
NBR/PVC  blends  are  used  for  hose  having  contact  with  fuels.  For 
long  life,  particularly  under  severe  service  conditions,  silicone 
rubber  is  used. 

Fiber  loadings  in  the  range  10-30X  by  weight  are  used  for  making 
fully  reinforced  hose:  to  increase  the  green  strength  of 
innerliners,  loadings  of  2-51  are  suggested.  Concentrations  of 
other  ingredients;  e.g.  black  and  oil,  are  chosen  to  give  a 
compromise  between  ultimate  physical  properties,  ,aQ<i  good  factory 
processability  of  the  compound. 

The  ultimate  strength  of  the  hose  depends  oh  a  balance  of  correct 
fiber  loading,  adequate  fiber  bonding,  dispersion  and  orientation 
of  the  short  fibers,  and  optimum  vulcanization  of  the  composite. 


PVC  Matrix 

PVC  compound  formulations  used  for  hose  are  much  simpler  than 
those  used  for  rubber.  Santoweb  W  is  used  in  concentrations  up  to 
101  by  weight.  A  patented  bonding  agent  is  added  to  the  compound  to 
effect  fiber  bonding.  Plasticizers  and  fillers  are  aosen  to 
balance  cost  and  hose  flexibility  requirements. 

However,  in  contrast  to  the  ease  of  incorporating  Santoweb  fiber 
into  rubber,  traditional  powder  mixing  techniques  for  preparing 
PVC  cootpounds  need  to  be  modified  to  provide  adequate  Santoweb 
fiber  dispersion.  The  low  shear  in  the  high  speed  mixer  is  not 
sufficient  by  itself  to  separate  fiber  bundles,  and  a  modified 
technique  has  been  developed  (^). 


HOSE  MANUEACTURE 


The  composite  hose  is  made  directly  in  a  oae*step  process  using 
the  special  die  (^)  fitted  to  a  standard  extruder.  If  required,  a 
protective  or  decorative  cover  can  be  co-extruded  using  s  crosshead 
extruder  linked  directly  to  the  Monsanto  die. 

The  major  advantage  of  the  short  fiber  system  is  the 
simplification  of  the  manufacturing  process.  Ihe  hose  is  extruded 
directly  and  cured,  compared  to  conventional  hose  production  which 
requires  tube  extrusion,  cord  knitting  or  covering,  cover 
extrusion,  and  curing.  A  comparison  of  these  two  hose  processes 
is  illustrated  in  Figure  7. 


SIMPLIFICATION  OF  HOSE  MANUFACTVRE 


FIGURE  7.  Simplification  of  Hose  Manufacture. 


Vulcanizatioa  and  Shaping 

Straight  rubber  hose  can  be  vulcanized  in  steam  autoclaves  without 
support.  Also,  continuous  vulcanization  is  possible  because  the 
green  strength  of  the  hose  is  high.  PVC  hose  is  cooled  directly 
from  the  extruder  and  is  ready  for  packing. 


Shaped  rubber  hose;  e.g.  for  automotive  coolant  systems,  can  be 
made  by  using  internal  mandrels  or  by  an  extrusion  shaping 
technique  (^).  In  this  case  the  outer  part  of  the  extrusion  die  is 
moved  in  a  plane  perpendicular  to  the  extrusion.  When  this  is  done 
in  a  controlled  manner,  it  produces  the  desired  shape.  The  shaped 
hose  made  in  this  way  needs  some  ext..'nal  support  during  cure; 
e.g.  a  female  mold.  A  two-dimensional  die  system  is  shown  in 
Figures  8  and  9. 
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CURVED  HOSE 


FIGURE  8.  Assembly  of  Moving  Parts  in  Die  Head. 


1— stationary  die  pin; ,2--adapter;  3— spider;  4 — moving  outer  die; 

5  die  holding  ring,  6--die  bolding  ring  unit;  7 — die  holding  unit; 
8— sliding  seals;  9— connecting  pin;  10— ram;  11— drive  cylinder. 
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FIGURE  9.  Planar  S-Bend  Hose  Shape.  As  it  is  Formed  by 
Extrusion. 


Hose  Dimensions 

Since  the  matrix  of  this  hose  is  a  homogeneous  composite,  the  hose 
dimensions,  and  particularly  the  wall  thickness,  can  be  varied  to 
change  properties  proportionally;  e.g.  burst  strsngth.  Burst 
strength  is  inversely  proportional  to  hose  diameter  and  is  directly 
proportional  to  wall  thickness. 

Therefore,  with  a  given  compound,  properties  of  a  hose  can  be 
varied  at  will  and  can  br  predicted.  Thus,  if  a  given  hose  has  an 
unnecessarily  high  burst  pressure,  the  reduction  in  wall  thickness 
needed  to  achieve  the  desired  level  can  be  calculated  as  well 
as  the  consequential  cost  saving. 

Table  1  shows  a  comparison  of  5/8'‘  I.D.  knitted  vs.  Santoweb  fiber 
reinforced  heater  hose.  Burst  cbaracteriutics  are  very  similar. 
The  Santoweb  reinforced  hose  had  no  failures  in  a  45,000  mile 
fleet  test. 

APPLICATIONS  IN  HIGH  PRESSURE  HOSE 


Since  the  cord  is  under  tension,  applying  steel  cord  reinforcement 
in  hydraulic  hose  manufacture  poses  problems.  The  innerliner  tube 
must  resist  penetration  of  the  cord,  and  also  longitudinal  growth 
by  a  "squeezing  out"  effect.  To  solve  these  problems,  the  liner  is 
usually  frozen  or  made  stiffer  by  adding  fillers. 

An  alternative  approach  is  to  use  Santoweb  fiber  in  the  innerliner. 
It  may  then  be  extruded  using  either  a  conventional  die  to  gi/e 
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TABLE  1 


COMPARISON  OF  KNITTEU  VS .  SANTQWEB®  FIBER  HOSE 

Coiiiaerci«l  Kalt  S*ntoweb  Fiber 
Reinforced  Heater  Reinforced  Heater 


Hose _  Hose* 


Burst,  psl  @R.T. 

285 

235 

Burst,  psi  @100"C 

168 

177 

X  Grot^h  @75  psi,  R.T. 

Hoop 

8.2 

4.0 

Axial 

-3.1 

0.8 

45,000  Mile  Vehicle  Testt 

Passed 

*  70  phr  SantbwebS  H  (14  wt.  %)  in  EPDM  compouad. 

t  Six  vehicles  used  the  Santoweb  fiber  reinforced  hose  under  fleet 
test  conditions  No  hose  failed  or  resulted  in  leakage  of  coolant. 


axial  orientation  or  using  a  Monsanto  die  to  give  circunferential 
orientation,  depending  on  the  flexibility  needed  in  the  final  hose. 


The  greatest  resistance  to  cord  strike  through  occurs  when  the 
cord  is  applied  at  right  angles  to  the  short  fiber  orientation; 
the  effect  of  the  cord  is  to  extend  the  coapound  which  increases 
the  resistance  to  extrusion.  The  reverse  is  true  when 
the  cord  is  applied  parallel  to  the  short  fibers;  these  effects  are 
illustrated  in  Figures  10  and  11. 

ADVANTAGES  OF  THE  MONSANTO  PROCESS  OF  HOSE  MANUFACTURE 

The  key  advantage  in  the  Monsanto  process  is  the  lack  of 
specialized  equipaent  for  applying  continuous  cord  reinforcement; 
hence,  the  required  capital  investment  is  reduced.  A  comparison  of 
the  traditional  and  Monsanto  methods  is  shown  in  Table  2. 

Simplification  of  shaped  hose  production  by  extrusion  shaping  short 
fiber  reinforced  compounds  with  a  Moving  Die  system  is  outlined  in 
Table  3. 


Examples 

Exastples  of  cossnercially  produced  hoses  reinforced  with  Santoweb 
short  fibers  ace  shown  in  Figures  12  through  18. 


513 


FIGURE  10. 


Cord  Applied  at  Right  Angles  to  Short  Fibers-High 
Effective  Green  Strength. 


FIGURE  11.  Cord  Applied  Parallel  to  Short  Fibers-Low  Effective 
Green  Strength. 
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TABLE  3 


SHAPED  AUTOMOTIVE  HOSE 


Canvntlonal  Prcc»a* 

1.  Extrude  tube 

2.  Apply  cords 

3.  Extrude  cover 

4.  Shape  on  mandrel 

5.  Cure  on  mandrel 

6.  Remove  from  mandrel 

7.  Trim 


Short  Fbf  Procoaa 

1.  Extrude  shaped  hose 
segments  containing 
short  fiber  ^ 
reinforcement 


2.  Cure  without  mandrel 
(f 


FIGURE  12. 


Rubber  W«c«r,  Co«pres»ed  Air,  aod  Fuel  Hose. 

COHHERCIAT,  EXAWPUS 

Oewrrsl  "urpose  Hose 

OosMstic  gsrdee  sad  profetsloasl  irritscloo  hose  are  aeallable  in 
rubber  or  FVC:  fuel  hoses  have  been  aade  in  rubber,  and  either  PVC 
or  rubber  can  be  used  for  coaqtressed  air. 

Burst  Pressures! 

i2.3as!  II)  garden  hose  in  rubber  or  FVC,  1.8  MPa 
7.S  m  ID  fuel  hose,  3.3  ilPa 
A.O  as  ID  bicycle  pusip  hose,  2.0  n?s 


figure  13-  PVC  Water  and  Coepressed  Air  Hose. 
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rlf.URF-  15.  Silicon*  Rubber  Ho**. 

COHMF-RCIAL  EXArtPLZS  -  COHT'D. 

Slitter.*  Ho*e 

Ho»e  used  In  coolant  aytvea*  for  trucks  and  buses  sad  other  severe 
service  conditions. 

Burst  pressure  ID,  0.6  HP*. 
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FIGURE  16.  EPDM  Radiator  Hose  for  Petrol.  Eoginea,  Original 
Equipaent. 

COHHERCIAI  EXAMPLES  -  COWT’D. 

Auto€Wtive  Coolant  Hose  *  EPDH 

Hose  is  used  for  radiator  and  heater  hose  for  both  petrol  and 
diesel  engines  as  original  cquipaent. 

Burst  pressures; 

32oai  ID  radiator  hose,  0.8  tlPa 
13s«  ID  heater  hose,  1.6  KPa 
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FIGURE  18.  Hydraulic  Hose  with  Santoweb  Fiber  Reinforced 
Inerliaer . 

COMMERCIAL  EXAMPLES  -  COHT'D. 

Hydraulic  Hose  Innerlioer 

Hoses  tested  with  pulsation  0-400  ATU  at  90*C  for  400.000  cycles 
without  failure. 

520 


APPENDIX 


MONSAWTO  PATEMTS  AND  LICENSING  POLICY 

The  principle  of  control  of  short  fiber  orientation  during 
extrusion,  described  in  this  bulletin  is  covered  by  a  series  of 
worldwide  patents  owned  by  Monsanto  Coopany. 

Monsanto  Company  is  prepared  to  grant  licenses  under  these  patents 
for  the  cotMMccial  production  of  hose.  Details  of  terms  are 
available  on  request.  The  licenses  cover  the  use  of  other  fibers 
as  well  as  Santoweb  fiber;  e.g.  glass  fiber  in  silicone  hose  for 
use  at  temperatures  in  excess  of  the  decomposition  temperature  of 
cellulose. 

In  those  countries  where  Monsanto  Patents  have  not  been  filed,  no 
license  is  required  for  the  manufacture  and  sales  within  the  country 
concerned.  If,  however,  hose  made  in  this  way  is  exported  to  a 
country  where  patents  exist,  then  a  license  is  needed  to  sell  in 
that  country. 

Monsanto  also  has  patents  covering  the  use  of  recommended  bonding 
agents  in  the  production  of  Santoweb  fiber/PVC  composites. 
Information  on  licenses  under  these  patents  will  be  supplied  upon 
request. 
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DEVELOPMENT  OF  A  3500-POUND  PIPE  HANGER  MOUNT  FOR  SHIPBOARD 
APPLICATION 


MARSHALL  L.  SHERMAN 

Ship  Materials  Engineering  Department,  David  Taylor  Naval  Ship 
R&D  Center,  Annapolis,  Maryland 


A  3500-pound  mount  was  developed  as  the  last  in  a  series 
of  shear-type  mounts  to  isolate  vibration  between  piping 
systems  and  the  hull  of  ships.  This  mount,  designated  5M3500, 
has  a  natural  rubber  resilient  element  and  a  load  rating  of 
2000  to  3500  pounds  (908  to  1589  kilograms).  It  has  a  nearly 
constant  dynamic  spring  rate  over  its  load  range  and  is 
unbiased  when  loaded  in  the  vertical  direction.  The  mount  has 
a  resonance  frequency  of  5  hertz  when  supporting  its  maximum 
rated  load  which  meets  the  low  frequency  requirement  for  this 
application,  and  it  is  recommended  for  us;  of  ships  as  a 
standard  Navy  mount. 
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FATIGUE  OF  A  RUBBER  TANK  TRACK  COHPOUND  UNDER  TENSILE  LOADING 


G.  B.  MCKENNAI,  G.  W.  bullmanI,  K.  M.  FLYNNI,  J.  PATT2 
{i)Po1ymers  Division,  National  Bureau  of  Standards, 
Gaithersburg,  Maryland  20899;  (2)0RSTA-RCKT,  U.  S.  Army  Tank 
Automotive  Command,  Warren,  Michigan  48090 


INTRODUCTION 


The  oechanlcal  durability  of  a  rubber  compound  is  an  important 
property  in  its  suitability  for  tank  track  applications.  The  evaluation 
of  this  property  is  a  difficult  and  time  consuming  task.  In  this  paper 
we  present  a  methodology  for  evaluating  the  durability  of  carbon  black 
filled  rubber.  This  methodology  is  baaed  upon  the  concept  of  a  cycle 
shifted  failure  envelope  which  we  have  found  previously  (1)  to  be 
useful  in  describing  the  frequency  and  waveform  dependence  of  the 
fatigue  lifetimes  of  a  carbon  black  filled  butyl  rubber. 

In  what  follows  we  present  the  background  which  led  to  our 
development  of  a  failure  model  and  outline  the  failure  model;  We  will 
subsequently  present  creep  and  fatigue  data  for  a  tank  track  rubber 
compound  (15TP-1UAX,  MII.-T-11891)  ind  show  how  the  model  applies  to 
them.  The  results  will  be  compared  with  those  obtained  previously  for  a 
filled  rubber  compound  evaluated  in  this  laboratory  (1,2). 


BACKGROUND 


The  phenomenon  of  stress  softening  is  known  to  occur  in  both 
filled  and  soma  unfilled  elastomers  (3~9).  Of  particular  interest  is 
the  work  of  Derham  and  Thomas  (9)  in  which  they  reported  on  the  creep 
behavior  of  a  earbon  black  reinforced  natural  rubber  subjected  to 
load-unload  cyeling.  They  found  that  the  creep  rate  was  greater  under 
cyclic  loading  than  under  static  loading  and  that  the  rata  of  cyclic 
creep  followed  a  logarithmic  law  (with  cycle  number)  and  did  not  tend 
towards  a  constant  value.  Figure  1  depicts  their  findings  showing  the 
"accelerated"  creep  due  to  cyclic  loading. 

In  studying  the  failure  behavior  of  filled  rubber,  McKenna  and 
Penn  (2)  found  that  lifetime  under  load-unload  cycling  depends  upon 
both  frequency  and  waveform  and  that  the  dependence  could  not  be 
described  by  either  a  time  dependent  cumulative  damage  approach  (  for 
which  lifetime  would  be  independent  of  test  frequency)  or  a  cycle 
dependant  cumulative  damage  approach  (for  which  the  total  number  of 
cycles  to  failure  would  be  constant  independent  of  test  frequency  and 
waveform).  As  shown  in  Figure  2,  l.fetlme.  for  a  carbon  black  filled 
polyolefin  rubber  was  found  to  be  much  shorter  than  either  the  creep 
failure  time  or  that  expected  from  a  cumulative  damage  prediction 
-  thus,  failure  was  "accelerated"  due  to  the  cyclic  loading. 

The  failure  model  was  developed  in  order  to  establish  a  link 
between  the  observed  "accelerated"  creep  and  the  "accelerated"  failure 
behaviors  of  carbon  black  filled  rubber.  The  link  was  made  through  a 
failure  envelope  similar  to  that  originally  proposed  by  T.  L.  Smith 
(10-13).  Details  are  presented  in  the  next  section. 
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(cw)  for  a  rubber  can  be  represented  aa  a  unique  curve  independent  of 
deformation  or  stress  history.  Figure  3  shows  a  typical  failure 
envelope.  (Note  that  the' failure  stress  is  reduced  by  the  temperature 
to  account  for  the  modulus  variation  with  temperature.)  This  is  a 
reasonable  approximation  for  simple  deformation  histories  such  as 
constant  rate  of  deformation,  stress  relaxation  or  creep.  However,  in 
the  presence  of  a  stress  softening  effect.  Smith  found  that  the  failure 
envelope  could  shift  to  Ijarger  strains  (13.1'*). 


Figure  3.  Failure  envelope  for  a  filled  butyl  rubber.  (0)  From 
constant  rate  of  deformation  experiments.  (O  )  From  creep  to  failure 
measurements.  (A)  Shifted  envelope  from  cyclic  loading.  [After 
McKenna  and  Zapas  (1)]. 


In  our  previous  work  (1),  we  were  able  to  use  creep  data  taken 
under  cyclic  loading  conditions  combined  with  the  notion  of  a  shifted 
failure  envelope  to  account  for  the  frequency  and  waveform  dependence 
of  the  fatigue  lifetime  of  a  carbon-black  filled  butyl  rubber.  The 
shifted  failure  envelope  is  represented  by  a  simple  equation  which 
relates  the  failure  envelope  in  simple  deformation  histories  to  that  in 
cyclic  histories.  For  the  straln-at-break  we  found  (1): 


®bc  “  *o^bo 


(1) 


where  Is  the  straln-at-break  under  cyclic  load,  o,  is  a  shift 
factor  (which  may  depend  on  the  stress  level,  frequency,  etc.)  and  Ejj^ 
la  the  failure  strain  (at  the  same  stress)  in  a  simple  deformation 
history.  Then,  if  it  is  assumed  that  a  is  a  constant  Independent  of 
stress,  frequency,  etc.,  then  fatigue  lifetime  can  be  predicted  simply 
by  extrapolation  of  the  cyolto  creep  curve  to  the  determined  by 
equation  (1)  and  a  single  set  of  failure  data.  For  the  filled  butyl 
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rubber  «  1.67  was  determined  from  failure  data  obtained  at  0.09  Hz. 
Figure  4  shows  a  comparison  of  the  lifetime  predicted  from  the  model 
and  the  lifetimes  obtained  experimentally.  As  can  be  seen  the 
agreement  is  reasonable.  We  note  that  the  extrapolations  were  made 
from  short  time  creep  data  obtained  for  .1  Hf^NS.33  Nf  depending  upon 
the  test  frequency  and  waveform. 
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Figure  4.  Comparison  of  number  of  cycles  to  failure  predicted  from 
cycle  shifted  failure  envelope  model  with  observed  number  of  cycles  to 
failure  for  a  filled  butyl  rubber  at  a  peak  stress  of  5.5  HPa  OOOpsl). 
Zero-tension  loading.  Sinusoidal:  O)  0.0002  Hz;  (0)  0.01  Hz;  (O) 
0.09Hz ;  (A)  Squarewave  wifi  52. U  s  cycle  [After  McKenna  and  Zapas 
(1)]. 


flATFRIALS  AND  METHODS 

The  rubber  compound  used  in  this  study  was  a  carbon  black  filled 
blend  of  SBR,  Natural  Rubber  and  Polybutadleae  designated  as  15TP-i4AX, 
MIL-T-11891D.  The  material  was  provided  to  us  in  the  form  of  cured 
sheets  (6"  x  6"  x  .08")  (152mm  x  152mm  x  2mm)  by  P.  Touchet  of  the  U. 

S.  Army  Bel voir  Research  and  Development  Center.  The  Butyl  rubber 
compound  described  In  the  prior  study  was  made  -at  MBS  in  the  form  of  6" 
X  6"  X  0.04"  (152mm  x  152mm  x  Imm)  sheets.  The  rubber  fermulatlons  are 
given  in  Table  1. 

Creep  data  were  obtained  at  room  temperature  (23’’±1“C)  by  hanging 
weights  from  the  samples  and  measuring  the  separation  of  two  gage  marks 
using  a  oathetometer .  Time  to  rupture  was  recorded  for  each  sample. 
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Table  1 


COMPOUNDING  FORMULATIOWS  FOR  FILLED  RUBBERS 


Ingredlenta 


Quantity,  parta  by  naaa 
Butyl  Rubber* 


NBS  388J  ,  butyl  rubber  100 
NBS  370e,  zinc  oxiia  3.00 
NSS  371g,  auii'ur  1.75 
NBS  372h,  atearlc  acid  1.00 
KBS  378b,  HAF  Mack  50.00 
NBS  37<»c,  tetramethylthluraa  dlaulflde  1.00 

ISTP-lUAX** 

S3R  1500  35.00 
Polybutadlene  (98?  Cla)  30.00 
Natural  Rubber  (SMR20)  35.00 
N220  Carbon  Black  65.00 
Zinc  Oxide  3.00 
Stearic  Acid  1.50 
Waxy  hydrocarbon  blend  (MP-65-70®C, 

SpCr-0.9-0.93)  1.50 
3“Dlmethylbutyl-N*-phenyl-p- 

phenylene-dlamlne  3.00 
Polymerized  2,2,4-trlmathyl-l, 

2-dlhydroqulnollne  2.00 
Hlgih  Aromatic  Oil,  ASTM  02226,  type  102  U.OO 
N-di laopropyl-2-benzothlazyl-aulf enaalde  3 • 20 
Sulfur  1.30 
N-(cyclohexylthio)phthallmlde  0.20, 


jj*Prepared  according  to  ASTM  D-3183-73,  Formula  lA. 
Prepared  per  ASTM  D3182. 


Mechanical  propertlea  teatlng  waa  performed  on  nonatandard  alze 
dumbbell  aamplea  In  order  that  fatigue  teatlng  reaulta  could  be 
compared  with  the  reaulta  from  creep  and  oonatant  rate  of  deformation 
experlmenta.  The  nonatandard  dumbbell  apeclmena  had  a  w;idth  In  the 
gage  aectlon  of  0.25  Inch  (6.U  mm)  a  gage  length  of  1.0  inch  (25  mm), 
maximum  width  In  the  gi'lps  of  0.5  in  (13  mm)  and  an  overall  length  of 
3.0  In  (75  mm). 

Conatant  rate  of  deformation  teats  were  performed  ualng  a  acrew 
driven  machine.  Croaahead  dlaolacement  ratea  were  varied  from  0.04 
In/min  (1  mm/min)  to  20  In/mln  (500  mm/miii).  Elongation  waa  meaaured 
ualng  a  rule  accurate  to  0.1  In  (2.5  mm)  to  meaaure  the  dlatance 
between  gage  marka  on  the  aamplea  originally  aeparated  by  0.5  In  (12.7 
mo).  Data  were  obtained  at  temperaturea  of  -40®,  0®,  23®,  50®,  75®, 
100®,  125®,  150®  and  175*C. 

Fatigue  data  were  obtain'd  at  room  temperature  (23®±1®C)  ualng  a 
aervohydraulio  teatlng  machine  with  a  total  atroke  capacity  of  6  In. 
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(152  mm).  The  strain  measuretenta  under  cyollo  loading  were  obtained 
wising  the  sane  procedure  as  above.  Results  are  reported  at  the  oaxlfflum 
load  In  the  cycle.  Tests  were  carried  out  In  zero-tension  sinusoidal 
loading  at  frequencies  from  2  x  10'^  to  5  x  10”^  Hz.  This  range  of 
testing  frequency  was  chosen  to  assure  that  the  tests  were  Isothermal  and 
that  hysteretlo  heating  did  not  occur.  The  number  of  cycles  to  failure 
was  obtained  for  each  sample. 


RESULTS 


In  Figure  5  are  depicted  the  Failure  Envelopes  for  the  15TP-HAX 
rubber  obtained  from  static  testing,  l.e.,  constant  rate  of  deformation 
and  creep  experiments.  There  are  two  things  to  note  from  this  figure. 
First,  there  Is  a  considerable  a;;iount  of  dispersion  In  the  results. 

This  Is  possibly  due  to  an  Inherent  variability  In  the  material 
response  due  to  the  fact  that  It  Is  a  highly  filled,  highly  crossllnked 
material.  Second,  the  creep  data  do  not  fall  upon  the  same  curve  as 
the  rest  of  the  data.  This  may  be  due  to  the  presence  of  strain 
crystallization  which  results  In  a  nonur.lque  failure  envelope  (see  ref. 
12)  or  due  to  the  fact  that  the  rubber  In  the  longer  time  tests  (lower 
Ojj)  showed  extensive  surface  damage  typical  of  ozone  cracking  In  the 
rubber. 

Figure  6  depicts  typical  creep  behavior  of  the  15TP-14AX  rubber 
under  both  constant  and  cyclic  loading  conditions.  As  can  be  seen,  the 
material  creeps  more  rapidly  under  the  cyclic  loading.  However,  the 
"acceleration"  of  the  creep  rate  under  cyclic  loading  Is  not  as  great 
as  we  had  observed  previously  for  the  butyl  rubber  (1)  nor  does  It 


Figure  5.  Failure  envelope  for  15TP-l‘iAX  rubber  obtained  from  constant 
rate  of  deformation  and  creep  experiments.  Solid  line  is  for  constant 
rate:  (O)  (□  )  0°C;  (a)  ES’C;  (•)  SO'C:  (■)  75*C,  (i)  100»C: 

(7)  125°C-,  (T)  ISO’C;  (>)  175*C.  Dashed  line  Is  for  creep:  (♦)  ES’C. 
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rigurii  6.  Typical  cr‘‘«p  bahavlor  of  15TP-14AX  rubber  under  cyclic 
(fatigue)  loading  and  conatant  (creep)  loading  condltlona  at  23*C  at 
(peak)  loads  and  frequencies,  as  Indicated. 


appear  to  depend  significantly  upon  peak  stress  level  or  test 
frequency,  unlike  what  we  observed  previously  with  the  filled  butyl 
rubber. 

In’ Figure  7  are  shown  the  tlae  to  failure  vs  (peak)  stress  In 
creep  and  zero-tension  sinusoidal  loading.  Interestingly,  in  creep 
loading  there  Is  a  change  In  slope  at  a«l750  psl  which  does  not  occur 
under  cyclic  loading  at  any  frequency.  The  reasons  for  this  are 
unclear,  but  aiay  be.  related  to  a  change  In  the  laode  of  failure  related 
to  the  onset  of  ozone  attack  of  the  rubber  In  the  creep  experiments  In 
which  the  samples  were  subjected  to  the  (peak)  load  for  longer  times 
than  In  the  cyclic  experiments.  Of  considerable  interest,  also,  is 
that,  concurrent  with  the  previously  mentioned  fact  that  the  creep  rate 
under  cyclic  loading  la  not  "accelerated"'  as  much  for  this  rubber  as  It 
was  for  the  butyl  rubber  (1),  the  lifetime  of  the  samples  under  cyclic 
loading  Is  of  the  same  order  of  magnitude  as  under  static  loading.  This 
compares  with  tne  decrease  of  2-4  orders  of  magnitude  found  for  the 
filled  butyl  rubber  (1)  or  a  filled  polyolefin  rubber  (2)  (see  Figure 
2)  under  similar 'experimental  conditions. 

A  point  of  Importance  needs  to  be  made  here  about  the  common 
practice  of  using  "high"  frequency  testing  to  "accelerate"  fallur*.  In 
Figure  8  are  shown  the  lifetimes  of  the  15TP-14AX  rubber  vs  test 
frequency  at  different  stress  levels.  As  can  be  seen  the  total 
lifetime  decreases  with  testing  frequency  -  tne  reason  that  high 
frequency  testing  Is  used.  However,  the  slooe  of  the  lUies  of  lifetime 
vs  frequency  Is  different  from  that  which  would  be  obtained  were  the 
number  of  cycles  to  failure,  M.,  conatant  (cycle  dependent  fatigue). 

In  fact,  the  difference  Is  suen  that  the  number  of  cycles  to  failure 
decreases  with  decreasing  test  frequency  and  extrapolation  of  "high" 
frequency  results  to  lower  frequencies  (assuming  consta,it  N^) 
overestimates  the  durability  of  the  rubber. 
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Figur#  7.  Tlin*-to-fitlur«  va  (p-ak)  load  for  ISTP-l^tAX  rubb<*r  under 
atatlc  loading  and  zero-tenalon  atnuaoldal  loading  at  different 
frequenolea,  as  indicated. 


Figure  3.  Lifetime  ya  teat  frequency  for  l*TP'l<i*X  rubber  aubjected  to 
iero-tena Ion  almiaoldal  loading. 


Flgura  9  deplots  the  failure  envelope  for  the  15TP-14AX  rubber 
under  constant  rate  of  deformation  teats,  under  creep  loading  and  under 
cyclic  loading.  Unlike  what  has  been  observed  previously  (1)  the 
failure  envelops  obtained  under  cyclic  testing  la  significantly  different 
froa  that  obtained  In  the  constant  rate  testing.  Given  the  limited 
experimental  data,  the  cyclic  envelope  appears  to  parallel  the  creep 
branch  of  the  failure  envelope  but  shifted  by  a  factor  ■  1.08.  To 
our  knowledge  such  behavior  has  not  been  observed  previously.  Thus,  It 
appears  that  for  the  ISTP-l^tAX  rubber  the  proposed  failure  model 
describes  failure  when  the  cyclic  failure  envelope  Is  shifted  relative 
to  the  creep  failure  envelope.  The  reasons  that  the  creep  and  constant 
rats  failure  envelopes  differ  are  uncertain  at  this  time. 


Figure  9.  Failure  envelopes  for  15TP-lkAX  rubber  under  different 
loading  conditions,  as  Indicated.  Points  are  data  for  cyclic  loading. 
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Performance  in  the  field  of  the  elastomeric  components  of 
track  assemblies  of  vehicles  such  as  the  M-60,  Ml,  and  Bradley 
tanks  has  been  poor,  with  the  service  life  expectancy  limited 
to  as  low  as  400  miles  In  off-the-road  service.  Consequently, 
the  assistance  of  the  Rubber  and  Coated  Fabrics  Group  from  the 
Belvoir  R&D  Center  was  requested  to  conduct  processing  and  com¬ 
pounding  studies  to  improve  the  service  life  of  the  elastomeric 
tank  pads. 

Processing  studies  were  conducted  on  Stryrene-Butadlene 
and  Hatural  Rubber  compounds,  typical  of  those  used  In  fabri¬ 
cating  tank  track  pads.  The  effects  of  purposely  Implemented 
alterations  In  formulating,  mixing,  and  molding  of  the  com¬ 
pounds  were  ascertained  through  visual  examination  of  Ingred¬ 
ient  dispersion  and  physical /mechanical  testing  of  vulcanized 
samples  obtained  for  each  variation.  Results  are  analyzed  In 
terms  of  the  ultimate  positive  or  negative  impact  upon  quality 
and  expected  performance  of  the  end  Item. 

Compounding  studies  are  being  conducted  to  determine  the 
effects  of  carbon  blacks,  various  curing  systems,  types  or 
polylsoprene  polymers  and  other  polymer  types  of  properties 
being  used  to  evaluate  the  potential  of  materials  for  tank  pad 
applications. 

A  processing  study  to  determine  the  effect  of  compounding 
variations  on  the  physical  properties  of  SBR  and  natural  rubber 
compounds  was  conducted.  A  standard  mixing  procedure  and  com¬ 
pound  formulation  was  selected  to  Introduce  the  variations. 
These  variations  ranged  from  increasing  and  decreasing  mixing 
times,  temperature,  and  molding  pressure  to  variations  In  the 
level  of  curing  Ingredients,  fillers,  and  the  use  of  predis¬ 
persed  Ingredients.  Table  1  shows  a  summary  of  the  mixing 
procedures  and  findings  of  this  processing  study. 

To  determine  the  effect  of  changing  the  grade  of  natural 
rubber  In  an  otherwise  similar  formulation,  a  study  was  con¬ 
ducted  with  eight  grades  of  natural  rubber  and  one  compound 
using  Guayule. 

From  Table  2  the  tensile  strength  did  not  vary  much  among 
the  10  compounds,  however,  the  difference  is  more  obvious  for 
the  200  percent  modulus  where  the  synthetic  natural  rubber  had 
the  lowest  modulus  and  SMR-L  the  highest  one.  Another 
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PROPERTIES  STUDIED  TtST  TEST  METHOD 
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PROPERTIES  STUDIED  (Continued) 
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PROPERTIES  STUDIED  (Continued) 
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EFFECT  OF  POLY-ISOPRENE  POLYMER  ON  PROPERTIES 


important  finding  was  the  use  of  ten  parts  of  trans- 
polyoctenamer  (a  German  polymer  to  aid  processing)  which 
produced  a  marked  increase  in  modulus. 

Tear  strength  values  were  about  twice  as  high  in  value 
when  compared  to  SBR,  with  the  best  retention  after  aging 
exhibited  by  SMR-GP.  The  resistance  to  crack  growth  dropped 
dramatically  after  heat  aging  at  250  F,  in  some  instances  more 
than  97  percent.  The  results  after  aging  were  spread  over  a 
wide  range,  making  a  valid  assessment  very  difficult. 

To  determine  the  effect  of  different  carbon  blacks  on 
natural  rubber,  10  compounds  were  evaluated.  Table  3  shows  the 
physical  properties  for  all  ten  different  carbon  blacks  which 
include  small  particle  sizes  to  large  particle  sizes,  as  well 
as  high  and  low  structures.  Included  In  the  study  were  also 
some  specialty,  conductive,  and  limited  oroduction  carbon 
blacks.  A  more  detailed  explanation  in  tne  classification  of 
these  fillers  can  be  found  under  ASTM  method  D-1765.  The 
formulation  used  was  natural  rubber-100,  zinc  oxide-4,  stearic 
acid-2,  carbon  black-45,  TMQ  antioxidant-0.5,  PRO  antioxidant- 
0.5,  OOPPO  antiozonant-3,  sulfur-2.5,  and  iv ^elerator-O.S  parts 
by  weight. 

The  reinforcement  level  is  consistent  with  the  lower 
particle  size,  high  providing  higher  tensile  strength.  The 
heat  buildup  was  relatively  low  for  all  types  of  carbon  blacks, 
the  one  with  larger  particle  size  performin'’  the  best.  Also, 
the  more  reinforcing  types  (small  particle  size,  i.e.,  N-121, 
N-110)  exhibited  better  crack  growth  resistance  than  the  ones 
with  larger  particle  size  (i.e.,  N-351). 

Vulcanization  is  an  irreversible  process  by  which  rubber 
is  changed  from  a  plastic  material  to  an  elastic  one  by  means 
of  heat  and  pressure.  The  process  consists  of  the  formation  of 
a  molecular  network  by  chemically  tying  together  the  independ¬ 
ent  chain  molecules  forming  cross-links.  These  cross-links  may 
be  chains  of  sulfur  atoms,  carbon-carbon  bonds,  polyvalent 
organic  radicals  or  polyvalent  metal  ions.  Sulfur  is  the 
oldest  vulcanization  agent  for  rubber,  however,  the  efficiency 
of  sulfur  curing  varies  inversely  with  the  average  number  of 
sulfur  atoms  per  cross-link.  The  use  of  accelerators  produces 
vjlcanizates  more  resistant  to  heat,  chemical  attack,  and 
retention  of  properties  upon  aging.  Since  retention  of 
properties  after  heat  aging  is  a  very  important  consideration 
for  the  application  on  hand,  we  studied  the  effect  of  various 
curing  systems  on  the  physical  properties  of  natural  rubber 
compounds. 
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EFFECT  OF  TYPE  OF  CARBON  BLACK  ON  PROPERTIES 


Various  curing  systems  were  investigated  to  nwdify  and! 
Improve  heat  resistance  properties  (Table  4).  Some  of  the 
accelerated  cure  systems  used  were:  a)  Sulfur,  b)  Sulfen- 
amides,  c)  Thiurams,  d)  Oithfocarbamates,  e)  Thiazoles,  and 
f)  Urethanes. 

The  chemistry  of  these  accelerated  vulcanization  systems 
Is  a  very  complex  one  and  the  selection  of  an  Ideal  system  Is  a 
very  difficult  task.  Different  types  of  accelerators  give 
vulcanization  characteristics  which  differ  In  resistance  to 
scorch  and  the  rate  of  vulcanization  after  cross-link  formation 
starts.  In  Table  5  the  curing  systems  are  compared  and 
properties  of  the  cured  samples  are  shown  In  Table  6. 
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EFFECT  OF  CURING  SYSTEMS  ON  PROPERTIES 
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Project  S^tus 


Research 

•  Semi  commercial  pilot  plant  fo^  producing  KEVLAR 
reinforced  etastomera  XC-940  (jSBR),  and  XC-94S  (NBR) 


Bench  scale  unit  for  producing 
reinforced  with  KEVLAR. 


other  polymers 


Potential  Applications 


Tires 

Tr«ad 

•  Mining,  off  the  road, 
logging,  heavy  duty 

•  Improved  cpI  and  tear 
resistance 

'•  (15  to  25  phr  XC-940) 

Undar  Traad 

•  High  modulus  cut  and 
penetration  resistance 

•  (25  to  50  phr  XC-940) 

Baad  Apax 

•  High  hardness,  modulus, 
and  bending  stiffness 

•  (25  to  100  phr  XC-940) 

Chafar  Strips 

•  High  modulus 

•  (15  to  50  phr  XC-940) 


Ti 


on  Tire 

ack  Pads 

Cut  and  tear  resistance 

Hydraulic  Hosa 
High  green  strength 
^reduced  necking  down 
pf  spiral  wire),  high 
modulus 

ming  Balts 

High  modulus,  reduced 
compressibility. 

Packing  Cup 

Improved  dimensional 
liability. 

GAskats 

Improved  tear  strength 

Ring 

Improved  resistance  to 
extrusion 


Green  Strength  —  SBR 1 502  ve  XC-B40 

(at  Raam  Tamp4ratura) 

Across  Grain 


200  400  0  200  0  I  200  400  0 

_ Elongation 
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Reinforced  Elastomers 


—  Uncured  Properties 

•  Higher  green  strength 

•  Improved  dimensional  stability 

•  Higher  viscosity 

—  Cured  properties 

•  Increased  hardness 

•  Very  high  Young's  modulus 

•  Improved  cut  resistance 

•  Higher  bending  stillness 

•  Better  penetration  resistance 

•  Good  tear  resistance 


TMr  Strength 


Physicul  Prop«rtiM  of  KEVLAR  Roinforcod  SBR 


Fiber  Loading  (phr) 

0 

3 

6 

9 

12 

IS 

Tensile  strength 

(MPa) 

(W) 

30.5 

23.7 

18.8 

20.1 

23.5 

23.1 

(A) 

25.0 

19.6 

16.2 

14.2 

12.5 

11.9 

100%  Modulus 

(MPa) 

(W) 

2.55 

105 

16.7 

— 

— 

— 

(A) 

2.48 

4.31 

8.15 

11.1 

11.8 

9.96 

.100%  Modulus 

(MPa) 

(W) 

17.4 

20.1 

— 

— 

— 

— 

(A) 

16.9 

16.3 

— 

— 

— 

— 

Ultirhate  elong.  (%) 

(A) 

430 

350 

260 

30 

20 

20 

(W) 

360 

350 

260 

190 

110 

140 

Young's  modulus 

(MPa) 

(W) 

5.8 

39.5 

38  5 

120 

124 

144 

(A) 

6.9 

10.9 

225 

32.0 

24.8 

19.8 

Shore  A-2  hardness 

65 

75 

85  5 

84 

85 

87 

Compound 

Formulation 

1  Krylene  1502 

100 

1  KfVLAfl  fiber  Variable 

Vulcan  6  (N?}0  Bitckt 

50 

Sundex  8125 

3 

NBS  ZnO 

3 

NBS  Slearic  acid 

IS 

Sanlollex  13 

5 

Santollex  77 

5 

DPG 

3 

Santocure  NS 

12 

NBS  Sulfur 

2 

P79tf  Cur».  to  mm  at  150  C 
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Process  Capabilities  — >  Dispersion 
Characteristics  (with  io  phr  fiber) 


Solution  Polymers 

Mechanical  Polyaar 
No  PIbro  Mix  Procoas 


TAKTENE  Rubber 


POLYSAR  Bromobutyl  Rubber 


POLYSAR  Process 
vs 

Banbury  Mixing 

(Mechanical  Addition) 


Banbury  Mix  POLYSAR  Process 

.  Ditpertion  after  30  minutes  Dispersion  altar  5  minutes 
Mixing  in  Model  8  Banbury  Mixing  in  Model  B  Banbury 
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Emulsion  Polymers 


M«chanical  Polysar 
No  Fibra  Mix  Process 


KRYLENE  Rubber 


KRYNAC  Rubber 


•  Lsr^e  ropes  end  ceixet 

•  Brakes  and  clutch  fecin9S 
s  Gasket  Sheeting 

•  Cut-  and  heat-reststanl 
protective  apparel 


Hi9h-«tren9th.  Ii9ht  srei9ht  Ou  Pont  KSVtAft  aramid  fiber  has  been 
used  for  /ears  in 

•  Tires 

•  Mechantcal  rubPer  goods 

•  Advanced:  fiber-rernforced 
composite  parts  for  aircraft, 
boats  and  automobiles 

•  Bullet-resistant  apparel 

Now  chopped  KEVLAR  fiber  and  pulp  are  beln9  used  to  reinforce 
molded  elasfomeric  products,  too. 

Small  amounts  of  KEVLAR  added  to  an  elastomer  can  achieve: 

•  Increased  heat  resistance  *  Improved  creep  resistarKe 

•  Improved  stren9th  at  high  •  Good  wear  resistarKe 

temperatures  •  improved  modulus 

•  Eiceilent  tear  strength 

KEVLAR  can  solve  design  problems  in  a  variety  of  applications. 
Evaluations  are  underway  In  0-nngs.  gaskets,  reinforced  hoses, 
lank  treads,  and  other  applications  demanding  eiceilent  strsngth 
at  high  temperatures. 


'  4- 

-T'  •' 

KEVLAR 

KEVLAR  ChoppMl 

SampI* 

Pulp 

Pulp  Fibvr 

FIbrillatvd 

. . 

poLTSAfi.  xstma.  istlens.  tmax 
KSTNAC.  lOrNOLTArrBNS.TftANS-RPond 
SS  2S0  or*  t«ow«r«d  trod*  mans  of  Polyiar 
Umttod.  Sanua  Ontano.CoDoda 


bUofmotieo  0!v*D  b««fns  tumstwd 
in  good  faith,  without  warranty,  ro- 
piMontotfon.  ih^eomont  or  o  U> 
eoAM  of  any  kind  PotyiardoM  not 
nmimm  any  togol  r— poinUMiny  for 
uMOf  or  ralxmeo  upon  tom*.  No  war* 
ranfy  or  uprtrrntatioa  tt  gtvon  thot 
Potysar  prodxica  dMcnPod  wiu  bo 
futtoblo  tn  purcboMS*  tonaulations 
or  ptocooM  tor  any  pamcular  ond 
UM.  No  raproMMotion  S  giron  as  to 
ti— dom  from  patont  inMDpomont 
Motonoli  not  manuf  acturod  or  lup- 
phod  by  Potysai  moy  prosont  has* 
ardi  tn  hondiing  and  uto.  Boioroneo 
should  bo  mado  to  tho  maaulaetur* 
or  ot  suppUor  for  oU  mtonaation 
rototind  to  such  motonols 
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TACOM  TRACK  RUBBER  PROGRAM 


G.  C.  SZAKACS,  M.  KING,  AND  J.  PAH 

U.  S.  Army  Tank  Automotive  Conw^nd,  Track  &  Suspension  Group: 
AMSTA-RTT,  Warren,  Michigan  4w-j7-5000 


The  track  and  suspension  rubber  requirements  for  Army 
tanks  and  other  tracked  vehicles  are  summarized,  with  an 
emphasis  on  the  Abrams  M-1  Main  Battle  Tank.  Comparisons  are 
given  for  various  vehicles  to  illustrate  the  severe  demands 
placed  on  the  M-1  (T-156)  track  in  terms  of  relative  loading, 
speed,  and  other  factors.  TACOM  is  sponsoring  a  wide  variety 
of  efforts  designed  to  improve  track  rubber  performance.  The 
program  includes  fundamental  material  characterization, 
material  prototype  development,  mathematical  modeling  studies, 
and  alternate  engineering  design  considerations. 
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WORKSHOP  PANEL  DISCUSSION  ON  TRACK  RUBBER— PRESENT  REQUIREMENTS 
AND  FUTURE  PROSPECTS 


CHAIRMAN;  ROBERT  E.  SINGLER-U.  S.  Army  Materials  and 
Mechanics  Research  Center 

PANEL  MEMBERS:  A.  ALESI— AMMRC;  0.  LESUER— Lawrence  Livermore 
Labs;  J.  MCGRATH— Virginia  Polytechnic  Institute  and  State 
University;  A.  MEDALIA— Retired,  Cabot  Corporation;  J.  PATT — 

U.  S.  Army  Tank  Automotive  Command;  6.  SZAKACS— U.  S.  Army  Tank 
Automotive  Command;  P.  TOUCHET — U.  S.  Army  Belvoir  R&O  Center 


INTRODUCTION 

Since  improved  track  rubber  performance  is  a  critical  Army 
readiness  requirement,  an  open  panel  discussion  was  held  to 
focus  on  this  need.  The  panel  convened  on  the  last  day  in 
order  to  take  advantage  of  all  that  was  discussed  during  the 
week.  Approximately  40  of  the  conference  attendees  were 
present  at  this  session. 

The  M-1  and  M-60  fighting  vehicles  are  both  main  battle 
tanks  in  the  heavy  Weight  class.  The  combat  weight  (in  round 
numbers)  of  the  M-1  and  M-60  tanks  is  60  tons  and  54  tons, 
respectively.  There  have  been  several  versions  of  the  M-60 
since  it  was  introduced  in  1959. 

Although  the  M-60  is  still  in  use,  the  M-1  tank  was 
developed  to  meet  the  threat  of  the  larger  number  of  tanks  in 
use  by  the  Warsaw  Pact  countries.  The  M-1  tank  is  the 
heaviest,  fastest,  hardest  hitting,  best  protected  tank  the 
Army  has  ever  produced.  It  is  the  first  really  new  type  of 
tank  the  U.S.  has  built  since  the  1950s.  The  M-1  was  intro¬ 
duced  in  1980.  The  M-1  series  of  tanks  are  expected  to  be  the 
Army's  main  battle  tank  into  the  21st  century. 

The  format  for  the  panel  was  for  the  chairman  to  make  some 
opening  remarks,  to  be  followed  by  discussions  from  individual 
panel  members.  The  panel  had  been  given  a  list  of  questions 
from  whith  they  could  choose  to  address  the  problem  (Table  1). 
After  the  panel  discussion,  the  audience  was, invited  to  par¬ 
ticipate  with  their  opinions  or  by  asking  questions  of  the 
panel  members.  The  audience  had  also  been  provided  the  list  of 
questions  in  Table  1. 
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TABLE  1 


WORKSHOP  PANEL  DISCUSSION  QUESTIONS  REGARDING  TRACK  RUBBER- 
PRESENT  REQUr;<EMENTS  AND  FUTURE  PROSPECTS 


1.  Can  the  traditional  approach  (new  rubber  formulations  and 
compounding  procedures)  still  lead  to  significant 
improvements  in  track  rubber? 

2.  New  Material s--Are  there  any  we  should  try?  Can  new 
polymer  structures  be  designed  which  would  lead  to  rubbers 
able  to  meet  the  performance  requirements  for  track  pads? 
Will  reinforcements  be  useful? 

3.  The  chunking  of  track  pads  on  cross  country  courses  and 
the  abrasion  of  pads  on  paved  roads  are  two  track  pad 
failure  mechanisms.  Heat  build-up  is  also  a  problem. 

Past  experience  has  shown  that  the  improvement  of  the 
resistance  to  one,  '•esulted  in  a  decrease  of  resistance 
to  the  other  and  vice  versa.  This  seems  to  be  true  for 
filled  elastomers  and  polyurethanes.  Do  we  have  to  accept 
this  as  unavoidable? 

4.  Computer  Modelling  Studies— What  do  they  tell  us?  How  can 
we  use  them? 

5.  How  realistic  is  it  to  try  to  simulate  field  performance 
in  the  laboratory? 

6.  Where  are  we  lacking  fundamental  knowledge? 

7.  It  is  more  than  just  a  materials  problem.  What  can  be 
expected  from  design? 

8.  How  do  we  define  elastomer  fracture  criteria  and  what 
properties  affect  fracture? 

9.  Model  1 ing--Are  the  computer  codes  we  are  using  useful  or 
do  we  need  more  development  in  this  area? 


DISCUSSION 


Chairman:  Opening  remarks  included  pictures  of  new  and 
worn  M-1  track  blocks.  The  worn  M-1  track  blocks  served  to 
illustrate  the  severe  failure  modes:  chunking  and  tearing  of 
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the  rubber,  and  blowouts  caused  by  heat  buHd-up.  Separation 
of  the  rubber  from  the  metal  parts  and  abrasion  could  be  seen 
as  well.  The  wearing  of  a  single  track  block  Is  generally  the 
result  of  several  processes,  although  in  some  cases,  a  specific 
wear  process  such  as  tearing  or  heat  build-up  would 
predominate. 

The  revised  specification,  MIL-T-11891D,  was  also  dis¬ 
cussed,  focussing  on  the  reference  compounds  which  provide  a 
basis  for  comparison  and  qualifications  of  the  vendors  pro¬ 
prietary  materials.  The  reference  compounds  are  listed,  In 
Table  2.  There  Is  also  an  accelerated  heat  build-up  test  on 
M-1  (T-156)  track  blocks  in  the  specification  that  Is  used  to 
screen  out  materials  with  poor  hysteresis  characteristics. 

This  Is  a  dynamic  compression  (30  Hz)  test  with  a  static  load 
of  1900  lbs.  and  a  dynamic  load  of  2300  lbs.  Good  materials 
will  last  about  30  minutes  before  blowout  occurs.  Temperatures 
can  be  as  high  as  600*F. 


TABLE  2 

MIL-T-lia910  TRACK  BLOCKS  AND  PADS  RUBBER  COMPOUNDS 


Parts  Per  Hundred  Rubber-PHR 
Ground  Wheel 

Materials  Side  Side 


Styrene-Butadiene  SBR-1500 

35 

60 

Polybutadiene  Taktene-220 

30 

40 

Natural  Rubber  SMR-20 

35 

0 

N220  Carbon  Black 

85 

65 

Zinc  Oxide 

3 

3 

Stearic  Acid 

1.50 

1.50 

Sunollte  100— Hydrocarbon  Wax 

1.50 

1.50 

Santoflex  13— Antidegradant 

3 

3 

Flectol  Flakes— Antidegradant 

2 

2 

Sundex  790— High  Aromatic  Oil 

4 

4 

Sulfur 

1.3 

1.3 

Dibs  Sulfenamide  Accelerator 

3.2 

3.2 

Santogard  PVI 

0.2 

1B4.70 

0.2 

1B4.70 
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Geza  Szakacs.  Acting  Chief,  Track  &  Suspension  Group,  gave 
an  overview  of  the  TACOM  track  program,  focussing  on  the  M-1 
track.  From  a  military  standpoint,  the  track  Is  operationally 
successful  for  the  M-1  to  perform  Its  mission.  The  problem  Is 
primarily  one  of  logistics  and  supply  costs;  track  repair  and 
replacement  costs  are  currently  running  over  $100  million  per 
year  and  are  expected  to  be  over  $200  million  per  year  by  1990 
with  full  implementation  of  the  M-1  tank  by  the  Army.  Thus, 
Improvements  must  be  made  to  keep  costs  at  an  acceptable  level. 

About  11  percent  of  the  gross  vehicle  weight  Is  normally 
allotted  to  the  track.  The  M-1  tank  uses  an  Integrally  molded 
pad  design  (designated  T-156)  which  Is  a  lighter  track, 
accounting  for  only  7  percent  of  the  gross  vehicle  weight.  On 
this  basis  alone,  the  materials  used,  both  rubber  and  metal, 
must  be  more  durable  than  before.  Besides  Investigating  new 
materials,  alternate  designs  are  being  evaluated,  such  as  the 
German  Diehls  track  and  the  replaceable  pad  (T-158)  track. 

These  alternate  designs  are  heavier  tracks.  Testing  to  date  on 
alternate  designs  has  been  inconclusive. 

TACOM  is  also  pursuing  the  development  of  three  common 
track  designs  for  three  weight  classes  of  vehicles.  A  common 
track  for  a  weight  class  (heavy,  medium,  light)  could  simplify 
logistics  and  reduce  maintenance  costs. 

In  the  future,  track  requirements  will  be  more  severe. 

Top  cruising  speed  for  the  M-1  Is  45  mph;  future  tanks  are 
projected  at  60-75  mph.  Computer  modeling  studies  are  being 
conducted  at  Waterways  Experimental  Station  and  Battelle 
Laboratories. 

Dr.  Donald  LeSuer,  Lawrence  Livermore  Laboratories  (LLL), 
narrated  a  movie  that  was  taken  by  LLL  more  than  5  years  ago  at 
Yuma  Proving  Grounds,  which  showed  an  M-60  pad  undergoing 
deformations  in  contact  with  a  road  surface.  This  movie  was 
part  of  a  TACOM  sponsored  program,  and  it  still  provides  one  of 
the  best  examples  of  the  types  of  deformation  that  the  rubber 
must  endure  in  service.  Pads  filmed  were  both  at  ambient 
temperatures  and  preheated  to  100°C  prior  to  service. 

Anthony  Alesi,  Composites  Development  Division,  AMTL, 
commented  on  two  o*"  the  listed  questions.  Are  the  service  con¬ 
ditions  under  which  tracked  combat  vehicles  operate  too  severe 
for  conventional  rubber  materials  to  withstand?  Little 
Improvement  in  mileage  has  been  achieved  from  material  changes 
in  the  past  5  years  or  so  of  determined  and  extensive  effort. 
Although  a  better  understanding  of  the  ohenomena  involved  has 
been  obtained,  we  have  not  been  able  to  use  it  to  improve 
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service  life.  Can  reinforcement  with  fibers  make  up  what  has 
been  lacking  In  rubber?  Such  reinforcement  could  serve  as 
crack  or  tear  arrestors  and  perhaps  reduce  or  eliminate  chunk¬ 
ing.  Also,  they  could  provide  stiffness  which  properly 
oriented  would  reduce  heat  generation  by  hysteresis,  and,  by 
reducing  deformation,  diminish  abrasion  wear.  Reinforcing 
fibers  will.  If  not  properly  chosen  and  Incorporated,  perhap* 
reduce  service  life.  This  will  be  the  case  If  the  bond  between 
rubber  and  fiber  Is  not  made  or  Is  broken  when  the  rubber 
undergoes  large  deformations.  The  very  large  difference  In 
moduli  of  fibers  and  rubbers  will  produce  large  stresses  at  the 
fiber  surface.  An  appropriate  fiber  content  for  optimum 
content  resistance  to  abrasion  wear  Is  unknown. 

also  noted  that  cross  country  operation  Is  regarded  as 
a  more  severe  use  than  operating  on  paved  roads  and  seems  to  be 
true  for  tanks.  However,  the  M-2  Bradley  Fighting  Vehicle  Is 
achieving  In  field  tests  service  on  the  order  of  3000  miles  In 
cross  country  operation  but  only  350  miles  on  paved  road.  Jack 
Patt  Indicated  that  compared  to  the  tank  tra^'k  shoes,  the  BVF 
pad  was  thinner. 

Paul  Touchet.  Ft.  Belvoir,  summarized  compounding  studies 
conduced  at  Ft.  Belvoir  during  the  past  2  ye.rs.  The  emphasis 
has  been  NR  and  NR-SBR-BR  blends.  They  have  also  been 
accumulating  data  on  commercial  samples.  . 

Ft.  Belvoir  has  a  data  base  on  materials  *,  .mg  considered 
for  track  apoHcatlons.  However,  It  Is  often  difficult  to  get 
prototypes  made  and  tested.  We  do  not  have  enough  field  data 
to  compare  with  laboratory  data,  and  this  we  must  have  If  we 
are  to  effectively  address  the  problem.  We  do  not  have  suffi¬ 
cient  means  of  predicting  field  performance  In  the  laboratory. 

Dr.  Avrow  We-^alla,  Cabot  Corporation  (retired),  stressed 
the  need  for  laboratory  simulation  of  field  performance.  He  pro 
posed  new  Instrument  designs  for  testing  heat  build-up  and  abra¬ 
sion  In  track  pads. 

Dr.  James  McGrath.  Virginia  Polytechnic  Institute, 
discussed  the  use  of  new  synthetic  materials  as  an  approach  to 
the  problem.  As  much  as  25  percent  Improvement  might  be  avail¬ 
able  in  off-the-shelf  commercial  materials.  Materials  such  as 
low  nitrile  rubber  or  various  thermoplastic  elastomers  should 
be  examined. 

Dr.  Jacob  Patt.  TACOM,  stressed  the  need  for  laboratory 
models  to  simulate  Held  performance.  He  mentioned  that 
Michigan  Technological  University  is  designing  an  instrument  to 
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better  simulate  heat  build-up  In  the  laboratory.  Laboratory 
simulation  Is  becoming  even  more  important  as  the  costs  for 
track  testing  Increase:  The  M-60  costs  around  $600,000  as  com¬ 
pared  to  the  M-1  of  more  than  $1,000,000.  Thus,  we  need  to 
derive  much  Information  from  our  laboratory  work  as  possible  In 
order  to  circumvent  the  time  and  costs  Involved  in  field 
testing. 

Open  Panel  Discussion:  There  was  general  ag^^eement  among 
the  participants  that  the  relationship  between  the  Amy  and  the 
major  track  rubber  suppliers  has  not  been  conducive  to  solving 
the  problem.  As  an  example,  although  invited  to  Sagamore,  they 
chose  not  to  attend  the  conference. 

The  feeling  expressed  by  some  of  the  participants  was  that 
the  major  suppliers  are  not  doing  all  they  can  to  correct  the 
problem.  The  materials  they  are  supplying  the  government  have 
not  changed  appreciably  in  years.  They  are  resistant  to 
cnanges  in  the  specifications,  such  as  implementation  of 
standard  quality  control  procedures  in  the  compounding  and 
manufacturing  of  track  rubber  components. 

Improvement  in  track  rubber  performance  using  short  fiber 
reinforcement  was  mentioned  during  the  panel  discussion.  Three 
posters  in  this  area  were  given  earlier  in  the  week,  which 
described  the  general  principles  as  well  as  providing  some  com¬ 
mercial  examples  such  as  off-the-road  tires.  It  was  mentioned 
that  the  Army  is  evaluating  cellulose  and  aramid  fiber 
reinforced  rubber  compounds. 

One  other  problem  area  mentioned  was  that  of  making  proto¬ 
types  and  having  them  tested.  We  have  had  difficulty  in  get¬ 
ting  experimental  rubber  compounds  custom  mixed  and  processed 
into  desired  shapes  for  manufacturing.  The  Army  does  not  have 
in-house  capabilities  available  for  large  scale  custom  mixing 
and  processing  (normally  extrusion)  necessary  for  manufacturing 
at  Red  River  Army  Depot.  Large  quantities  (500  lbs.)  of  rubber 
are  necessary  to  manufacture  the  quantities  of  track  shoes 
required  for  field  testing.  Large  custom  mixes  and  processing 
by  Army  standards  are  small  compared  to  most  commercial 
requirements,  and  it  has  beer  difficult  to  get  industry  to 
participate  at  these  stages.  However,  the  situation  may  be 
changing  for  the  better  as  government  contacts  with  Industry 
i ncrease. 


SUMMARY 

The  panel  forum  stimulated  considerable  discussion  among 
the  conference  attendees.  It  raised  a  number  of  questions. 
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many  of  which  were  left  unanswered,  but  it  provided  an 
effective  forum  for  exchange  of  ideas.  The  meeting  ended  on  a 
positive  note— the  prospects  for  more  cooperation  among  those 
working  in  the  area  along  with  some  fresh  insights  from  those 
having  to  date  only  a  brief  exposure  to  the  problems.  The 
stage  is  set  for  measurable  progress  in  this  area,  provided  we 
meet  the  challenge. 
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BANQUET  PRESENTATION 


ERNEST  H.  ZIELASKOl,  ROBERT  E.  GLEAS0n2 

(1)  Publisher,  Rubber  &  Plastics  News,  (2)  Midwest  Sales 

Manager,  Rubber  &  Plastics  News. 


I'm  delighted  Or.  Davidschn  and  Or,  Singler  Invited  me  to 
be  your  banquet  speaker  at  this  Thirty-Second  Sagamore  Army 
Materials  Research  Conference.  I'm  delighted  because.  In  a 
sense.  It's  a  homecoming  for  me.* 

It  was  4  decades  ago  this  year  that  I  left  the  U.  S.  Army 
to  return  to  civilian  life  after  5  years  of  service.  I 
remember  clearly  that  the  decision  to  leave  was  not  easy. 
Although  I  entered  the  Army  as  a  draftee  In  June  1941,  kicking 
and  screaming  at  having  my  college  education  so  rudely  Inter¬ 
rupted,  I  found  after  a  few  years  that  I  liked  being  a  soldier. 
Army  discipline  has  given  me  a  sense  of  orderliness  and  purpose 
that  had  been  missing  in  my  life. 

So  when  it  came  time  after  World  War  H  for  me  to  decide 
whether  to  stay  in  or  to  be  separated,  I  debated  and  debated, 
and  finally  chose  to  leave--but  only  because  I  felt  I  should 
complete  my  college  education.  If  I  had  already  been  a  college 
graduate,  I  may  well  havs  decided  to  make  the  Army  my  career. 

I  think  I  made  the  right  decision.  With  all  the  changes 
that  have  taken  place  in  the  U.  S,  Army  in  the  past  40  years-- 
technological ly  and  otherwise--!  have  a  hunch  I  wouldn't  have 
been  able  to  keep  up  and  soon  would  have  been  branded  a  has- 
been. 


I  don't  have  to  tell  you  that's  the  way  it  is  with  change. 
You  either  keep  up  with  the  changes--whether  they’re  good  or 
bad--or,  before  you  know  it,  you  no  longer  belong. 

During  my  38  years  in  the  rubber  industry,  I  kept  up  for 
2  decades  or  so,  first  as  an  employee  with  one  of  the  major 
rubber  companies  in  Akron  and  then  as  a  reporter  of  the 
industry  scene  for  trade  publications. 

But  since  the  early  '70s  I'm  no  so  sure  I've  been  staying 
on  top  of  things.  Maybe  that's  because  I'm  in  the  twilight  of 
my  career  or  maybe  it's  because  some  of  the  recent  changes  in 
the  rubber  industry  have  upset  the  status  quo.  In  other  words, 
maybe  in  my  old  age  I  have  come  to  resent  change.  I  hope 
that's  not  the  case. 


*  the  banquet  presentation  was  given  by  Robe''t  Gleason  acting 
on  behalf  of  Ernest  Zielasko,  who  was  unable  to  attend  the 
conference. 
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Until  the  1970s  or  so,  the  rubber  industry  operated  as  it 
had  for  decades.  It  was  dedicated  to  producing  rubber  products 
that  were  useful  to  society,  industry,  and  business. 

Those  were  the  days  when  a  compounder  could  teVI  if  a 
stock  met  specifications  by  biting  i  hunk  of  it.  Executives 
operated  out  of  non-air  conditioned  offices  located  strate¬ 
gically  near  production  lines  where  the  air  was  thick  with 
carbon  black.  Wives  of  those  executives  would  yell  at  them  at 
night  because  their  white  shirts  were  filthy  from  their  having 
spent  all  day  in  the  plant  supervising  things. 

I  remember  how  John  L.  Col  Iyer,  chairman  and  CEO  of 
8.  F.  Goodrich  during  the  early  years  I  was  with  that  company,  ' 
would  religiously  devote  one  morning  or  afternoon  each  week  to 
walking  through  the  plant,  chatting  with  workers  here  and 
there.  U  was  his  way  of  getting  a  feel  for  things.  Workers 
loved  him  for  it. 

In  those  days,  most  employees— from  executives  to 
secretaries  to  line  workers— were  fiercely  proud  of  the  com¬ 
panies  they  worked  for.  "I  work  at  The  Goodyear,"  they  would 
say.  Or  at  The  Firestone,  The  General,  or  The  Goodrich.  It 
was  never  Firestone  Tire  &  Rubber  Co.  or  any  of  the  formal 
names  on  their  paychecks.  And  all  the  while  they  were  ready  to 
defend  their  company  verbally  and,  if  necessary,  with 
fisticuffs. 

Workers  were  proud  of  what  they  did.  Tire  engineers 
worked  long  and  hard  to  come  up  with  high  quality  casings.  And 
tire  builders  were  proud  to  construct  the  tires  the  engineers 
developed. 

But  the  elites  of  the  industry  in  the  '40s,  '50s,  and  '60s 
were  not  the  chief  executives  or  the  marketing  vice  presidents. 
They  were  the  rubber  chemists  who  knew  how  to  discipline  rub-  , 
ber.  Through  intensive  research,  trial  and  error,  and  some¬ 
times  shear  luck,  they  used  a  dash  of  this  chemical  and  a  dash 
of  another  to  fashion  rubber  that  could  be  processed  through 
machinery  into  thousands  of  essential  products.  They  were 
recognized  within  their  companies  for  what  they  were:  The 
foundation  upon  which  the  industry  was  built. 

I  don't  quite  know  how  to  put  my  finger  on  it,  but  the  men 
and  women  in  the  industry  15  to  30  years  ago  carried  on  an 
intangible  love  affair  with  rubber  itself  and  with  the 
companies  that  employed  them. 
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I  remember  how  chests  swelled  at  Goodrich  In  1947  when 
Frank  Herzegh  developed  the  tubeless  tire  and  in  1954  when  Sam 
Horne  duplicated  natural  rubber  in  the  laboratory. 

Later  employees  at  Firestone  were  equally  proud  when  it 
was  learned  that  Fred  Stavely's  research  team  had  actually 
developed  polyisoprene  a  year  earlier  than  Sam  Horne.  But  they 
were  disappointed  that  Firestone's  management  waited  until  1955 
to  make  the  announcement. 

I  guess  what  I'm  really  trying  to  say  is  that  back  then 
rubber  was  paramount  and  the  rubber  manufacturers  dedicated 
most  of  their  resources  to  making  useful  products  from  it.  In 
short,  the  rubber  companies  were  primarily  in  the  rubber 
business.  Period. 

Things  began  to  change  in  the  late  1970s  with  the  oil 
crisis,  longer-wearing  radial  tires,  and  the  55-mi 1es-an-hour 
speed  limit'.  Coupled  with  periodic  recessions  and  the  growing 
invasion  of  Japanese  automobiles  and  its  debilitating  impact  on 
production  of  cars  in  Detroit,  they  combined  to  bring  the 
steady  and  impressive  growth  of  tire  sales  to  a  screeching 
halt.  Instead  of  annual  growth  rates  of  4  to  6  percent,  the 
Industry,  with  a  few  exceptions,  faced  flat  yearly  growth 
rates. 

Meanwhile,  to  keep  pace  with  the  growing  demand  for  radial 
tires,  and  the  threat  from  Michel  in  of  France,  the  radial 
pioneer  which  hao  started  building  tire  plants  in  the  United 
States,  the  domestic  companies  were  forced  to  build  modern  new 
radial  plants  of  their  own. 

Then,  as  radials  began  to  penetrate  the  market,  they 
started  to  take  market  share  from  bias-ply  tires,  which  had 
dominated  the  marketplace  for  decades.  One  by  one  tire  plants 
that  produced  bias  tires  were  closed.  From  1973  until  now,  the 
tire  comanies  have  shuttered  some  29  plants.  The  slow  death  of 
bias  tires  was  widely  forecast  at  the  time.  But,  like  the 
inner  tube,  which  is  still  around  despite  the  acceptance  of  the 
tubeless  tire,  the  bias  tire  continues  to  sell.  At  last  count, 
it  still  claimed  25  percent  of  the  auto  tire  replacement 
market. 

In  the  early  1980s  another  outside  factor  arrived  on  the 
scene  in  the  form  of  the  strong  dollar.  This  sharply  curtailed 
U.S.  exports  and  brought  an  influx  of  imported  tires  into  the 
United  States  from  Europe  and  Asia.  It  also  contributed  sub¬ 
stantially  to  the  rubber  industry's  whopping  trade  balance 
deficit  of  S3. 2  billion  as  of  the  end  of  1984. 
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As  a  result  of  the  various  forces,  the  number  of  tire  and 
inner  tube  establishments  fell  to  160  In  1982  from  200  in  1977. 
Production  of  auto  tires  dropped  to  about  175  million  annually 
between  1980  and  1982  from  about  230  million  yearly  in  the  late 
1970s.  Employment  in  tire  plants  decreased  to  71,000  in  1982 
from  114,000  in  1977. 

The  years  1983  and  1984,  however,  were  exceptions.  Tire 
sales  in  both  years  grew,  thanks  to  higher  levels  of  auto  pro¬ 
duction  in  Detroit  and  an  increase  in  the  number  of  car  miles 
driven  as  fuel  prices  declined.  Last  year  domestic  shipments 
of  car  tires  rose  4.4  percent  to  214  million  units,  following 
an  8.5  percent  increase  in  1983. 

This  year  it's  a  different  story.  In  the  first  4  months, 
that  is,  through  April,  auto  tire  shipments  are  2  percent  below 
last  year  and  truck  tires  aren't  much  better. 

This  is  in  line  with  what  economists  are  predicting  for 
the  balance  of  the  decade.  Through  ,1989  they  see  car  tire 
shipments  rising  only  1  percent  annually  and  truck  tires 
1.5  percent. 

With  that  kind  of  flat  growth  facing  them  in  the  future, 
tire  company  managements  are  in  a  sweat.  Because  sales  were 
quite  good  in  1983  and  '84,  they  went  ahead  with  expansions. 

In  fact,  there  were  12  separate  instances  of  companies 
increasing  their  radial  capacities  in  1984. 

These  moves  have  now  led  to  overcapacity  in  the  industry. 
While  the  tiremakers  had  their  plants  operating  at  90  percent 
capacity  and  above  in  1984,  now  they're  announcing  cutbacks, 
including  layoffs,  because  of  bulging  inventories,  slumping 
demand  and  aggressive  penetration  of  imports. 

So,  to  sum  it  up,  here's  how  things  stand  at  the  moment. 

In  the  tire  segment,  which  is  the  dominating  force  because  it 
consumes  70  to  75  percent  of  the  raw  rubber  used  in  the  indus¬ 
try  as  a  whole,  sales  and  shipments  have  flattened.  Forecasts 
call  for  the  situation  to  remain  pretty  much  the  same  through 
1989. 

In  the  non-tire  area,  the  segment  in  which  the  nation's 
2,000  smaller  rubber  product  producers  find  their  market 
niches,  the  picture  is  not  much  better. 

Annual  growth  rates  through  1989  for  molded  and  extruded 
goods,  for  example,  are  forecast  at  only  1  percent.  The 
brightest  spot--I  use  that  adjective  1oosely--is  in  industrial 
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rubber  goods,  principally  hose  and  belting.  The  annual  growth 
rate  there  through  1989  is  about  2.5  percent. 

From  the  gloomy  growth  picture  I've  painted  for  the  rest 
of  this  decade,  one  might  wonder  why  anyone  would  want  to  be  in 
the  rubber  industry.  Therefore,  I  think  I  need  ti  put  it  into 
its  proper  perspective  by  pointing  out  that  the  factory  F.O.B. 
value  of  U.S.  shipments  of  all  rubber  products  in  1984  totals 
$25  billion.  Compare  that  in  dollar  terms  with  two  of  today's 
growth  industries:  home  computers  and  home  video.  In  1983 
sales  of  video  recorders,  video  cameras,  and  blank  tapes  were 
only  $4  billion  and  sales  of  home  computers  only  S3  billion, 
peanuts  in  comparison. 

In  other  words,  while  rubber  at  the  moment  may  be  a  mature 
industry  with  dim  growth  prospects,  it  still  offers  well- 
managed  companies  excellent  opportunities  to  make  a  good  profit 
while  providing  employment  for  mere  than  200,000  people.. 

Nevertheless,  the  major  rubber  companies  are  finding  the 
rubber  business  a  little  traumatic  now  for  the  reasons  outlined 
before.  Some  are--and  have  been  for  the  last  decade--looking 
elsewhere  for  places  to  put  their  financial  resources.  And  in 
the  process  they're  changing  their  historic  role  in  rubber 
drastical ly. 

Not  too  many  years,  ago,  all  of  the  five  major  rubber 
companies--Goodyear,  Firestone,  Goodrich,  Uniroyal,  and 
GenCcrp--were  everything  to  everybody  in  tires.'  No  market 
would  surface  that  they  didn't  try  to  satisfy  with  a  line  of 
tires. 

All  that  has  changed  in  the  last  10  years.  With  the 
exception  of  Goodyear  and--to  a  lesser  degree--GenCorp,  all 
have  abandoned  efforts  to  serve  all  markets.  Instead,  they've 
entered  an  era  of  niche-picking.  A  few  examples: 

In  1977  Goodrich  decided  that  its  salvation  lay  in  the 
commodity  chemical  business  of  polyvinyl  chloride.  It  invested 
sufficient  funds  to  make  it  the  world's  largest  producer  of 
PVC.  It  also  decided  to  pull  its  auto  tires  out  of  the 
original  equipment  business,  which  provides  only  a  marginal 
profit,  rnd  concentrate  on  more  profitable  niches  in  the 
replacement  tire  field,  such  as  high  performance  tires.  The 
purpose  was  to  use  the  Tire  Group  as  a  "cash  cow"  for  its 
chemical  and  PVC  businesses. 

As  has  been  widely  publicized,  the  P'v'C  business  didn't 
take  off  as  Goodrich  had  hoped.  As  a  result,  the  company  last 


569 


month  announced  a  restructuring  that,  incidentally,  has  brought 
it  considerable  criticism  from  the  business  press. 

It  announced  that  by  1987  it  will  sell  25  percent  of  its 
assets  totaling  more  than  $500  million  and  take  a  write  off  of, 
$365  million  in  its  second  quarter.  It  also  said  it  planned  to 
reduce  the  fixed  and  working  assets. in  its  Tire  Group  by 
25  percent,  although  it  did  not  reveal  how  it  will  do  it. 

What  this  means  is  that  Goodrich  will  become  more  of  a 
chemical  concern  and  less  of  a  maxer  of  tires  and  industrial 
rubber  products.  Some  industry  observers  even  say  the  restruc¬ 
turing  sets  the  stage  for  Goodrich  to  eventually  leave  the  tire 
business,  although  Goodrich  denies  that's  the  case. 

Uniroyal i  whose  CEO,  Joe  Flannery,  did  a  magnificent  job 
saving  it  from  financial  disaster  in  1980,  partially  by  closing 
two  tire  plants  and  reducing  its  tire  sizes  and  types,  now  has 
major  problems  again. 

To  ward  off  a  takeover  bid,  it  is  becoming  a  private 
company  through  a  leveraged  buyout  in  cooperation  with  a  New 
York  Investment  firm. 

The  big  headache  here  is  that  the  new  private  firm  will 
lose  controlling  interest  to  institutional  investors  if  it 
fails  to  pay  $750  million  in  debts— largely  an  unfunded  pension 
liability— within  30  months. 

One  way  to  solve  the  problem  would  be  for  the  new  private 
Uniroyal  to  sell  one  or  more  of  its  chemical  or  tire  opera¬ 
tions.  Since  Uniroyal  is  heavily  into  chemicals,  analysts  are 
saying  it  will  dispose  of  its  tire  unit.  The  decision,  if  it's 
to  be  made  at  all,  won't  come  until  the  leveraged  buyout  is 
complete.  In  any  case,  finding  a  buyer  might  not  be  easy.  On 
the  other  hand,  the  new  private  company  might  not  sell  any  of 
its  units. 

Firestone,  meanwhile,  has  changed  its  corporate  strategy 
under  the  new  management  that  took  over  following  the  Firestone 
500  tire  recall  disaster  in  the  late  '70s. 

Throughout  its  history.  Firestone's  corporate  strategy  has 
always  been  based  on  two  assumptions; 

—That  Firestone  was  first  and  foremost  a  tire  manufac¬ 
turer  competing  worldwide  in  every  segment  of  the  tire 
industry. 
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--That  it  would  always  be  more  dependent  on  its  capabili¬ 
ties  as  a  tire  manufacturer  than  on  its  capabilitieis  as 
a  tire  marketer.  I 


While  the  new  management  admitted  these  assumptions  had 
served  Firestone  well  throughout  its  history,  it  believed  the 
competitive  environment  had  changed  so  radically  that  new  | 
thinking  was  required.  j 


The  direction  it  chose  was  to  become  more  of  a  tire  and 
automotive  service  marketer  than  a  tire  manufacturer.  It ‘based 
the  decision  on  research  that  showed  gas  station  and  car  deal¬ 
ership  closings  between  1977  and  1982  had  resulted  in  a  30  per¬ 
cent  drop  in  automotive  service  bays.  The  new  management  saw 
it  as  a  niche  Firestone  was  in  a  position  to  fill. 

The  company  moved  quickly.  In  1983  it  bought  300  J.(t. 
Penney  autoservice  outlets  and  expanded  its  own  outlets  to 
1,500  centers,  which  stress  computer  diagnosis  of  engine  j 
troubles.  I 

I 

To  raise  the  required  funds.  Firestone  sold  a  bevy  of 
businesses,  including  plastics,  beverage  containers,  energy 
absorbing  bumpers,  foam  products,  occupant  restraints,  and 
others.  I 

j 

It  also  sold  its  famous  Firestone  Country  Club  in  Akron  in 
1981.  John  Nevin,  Firestone  chairman,  told  the  National  Tire 
Dealers  &  Retreaders  Association  in  a  speech  in  California  last 
fall,  that  none  of  the  other  transactions  generated  as  much 
controversy  as  the  decision  to  sell  the  country  club.  He' said 
there  are  many  people  at  Firestone  who  still  believe  that--rm 
quoting  him  here--"if  that  damn  Nevin  were  a  golfer  instead  of 
a  tennis  player--we  would  still  own  the  country  club." 


He  also  told  the  tire  dealers  that  Firestone  bought  eight 
corporate  memberships  in  the  new  club  and  assigned  them  to 
senior  Firestone  executives.  He  added  that  while  he  doesn't 
have  one  of  the  memberships  because  he  doesn't  play  golf.j  he 
has  lunch  at  the  club  once  a  week  during  gold  season  becabse, 
he  said,  "It's  the  only  opportunity  I  have,  between  Easter 
Sunday  and  Halloween,  to  see  and  talk  to  Firestone  sales  j 
executives." 

Now  to  get  serious  again.  Firestone  also  sold  its  huge 
Nashville  truck  tire  plant  to  Bridgestone,  the  Japanese  tire- 
maker,  because  it  found  development  of  truck  tires  too  costly. 
Now  Bridgestone  is  making  steel-belted  radial  truck  tires  there 
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for  Firestone  while  Firestone  produces  its  own  light  truck 
tires  at  its  domestic  plants. 

Firestone  also  closed  or  sold  nine  tire  plants  in  the 
United  States  and  Canada  and  all  or  part  of  its  equity  in  tire 
affiliates  in  seven  foreign  countries. 

While  all  of  these  selling  transactions  were  going  on, 
strong  rumors  surfaced  that  Firestone  was  preparing  to  quit  the 
tire  business.  Nevin  forcefully  squelched  that  rumor  in  his 
California  speech  to  tire  dealers  with  this  statement: 

"During  the  five-year  1980-34  period.  Firestone  invest¬ 
ments  in  its  tire-related  businesses  exceeded  $900  million. 

That  is  not,  I  would  suggest,  a  level  of  capital  inyestment 
that  would  be  authorised  by  a  management  planning  to  withdraw 
from  the  tire  business." 

I  think  we  can  conclude  that,  in  the  future.  Firestone, 
which  still  has  eight  tire  plants  in  North  America,  will  be 
known  as  a  tire  and  automotive  service  company. 

Today,  among  the  majors,  we  have  only  two  U.S.  tire 
companies— Goodyear  and  GenCorp— still  producing  a  complete 
line  of  tires  for  all  segments  of  the  market.  Those  two  have 
remained  committed  to  meeting  all  market  needs  for  tires  and 
most  other  rubber  products.  They  seem  to  have  prospered  as  a 
result. 

Other  smaller  ti remakers— Armstrong,  Cooper,  Mohawk, 
etc.— also  have  pretty  much  stuck  with  what  they  know  best. 

Michel  in,  the  French  tire  manufacturer  which  revolution¬ 
ized  tiremaking  by  developing  the  steel-belted  radial  tire,  did 
well  here  in  the  states  after  it  established  tire  plants  in  the 
U.S.  southeast.  But  they're  still  not  making  money,  partially 
because  it  had  to  borrow  heavily  to  build  its  U.S.  plants  and 
partially  because  American  producers  are  now  building  radials 
of  equal  quality. 

Michel  in,  along  with  its  radial  tire,  brought  with  it  to 
America  its  penchant  for  secrecy.  No  one,  to  my  knowledge,  has 
ever  been  given  a  tour  of  a  Michel  in  factory.  That's  how 
jealously  the  company  guards  its  secrets. 

It's  been  reported  that  General  DeGaulle  once  requested  a 
tour  of  Michel  in's  headquarters  factory  in  Clermont-Ferrand, 
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France.  "Mais,  Oui,"  a  Michel  in  official  responded,  and  promp¬ 
tly  drove  the  General  around  the  outside  of  the  factory  in  a 
car.  He  never  got  inside  the  front  door. 

In  America,  however,  Michel  in  has  finally  made  its  peace 
with  the  press.  It  imported  a  public  relations  manager,  who 
does  a  commendable  job  of  getting  answers  to  questions  and 
setting  up  interviews. 

Even  Francois  Michel  in,  who  leads  the  company  with  the 
simple  title  of  manager,  has  made  himself  available  to  the 
press.  He  has  spoken  in  Akron  to  the  Tire  Society  and  freely 
answered  questions  at  the  press  conference  that  followed. 

Francois  is  a  fascinating  man.  Tall  and  gaunt,  he  reminds 
me  of  a  quiet,  old  shoe  type  of  guy  who  rarely  speaks  unless  he 
really  has  something  to  say.  When  he  responds  at  press  confer¬ 
ences,  he  does  so  with  a  mischievious  grin.  He  usually  pauses, 
as  if  in  deep  thought,  before  he  rep1ies--and  often  he  answers 
with  a  question  of  his  own.  A  reporter  recently  asked  him 
which  he  felt  was  more  important;  product  development  or 
manufacturing  processes? 

His  answer,  after  a  thoughtful  pause,  was:  "Which  of  your 
legs  do  you  think  is  most  important?" 

Well,  there  you  have  it— The  U.S.  Rubber  Industry,  Then 
and  Now.  Things  have  changed.  You  might  even  say  parts  of  it 
have  been  dismantled. 

While  most  of  the  industry  is  still  dedicated  to  producing 
quality  rubber  products  useful  to  society,  industry,  business 
and  government,  I  doubt  if  any  of  today's  compounders  bite  a 
hunk  of  rubber  stock  to  determine  if  it  meets  specifications. 
Computers  handle  that  task  now. 

I  also  doubt  that  executives  go  home  with  filthy  shirts 
these  days.  They  operate  out  of  air  conditioned  offices  and, 
if  they  get  out  into  the  plant,  their  shirts  remain  clean 
because  ways  have  been  found  to  keep  carbon  black  dust  down. 

I  really  can't  say  whether  employees  are  as  proud  of  their 
companies  as  they  used  to  be.  That’s  a  judgmental  call.  But  I 
do  know  that  in  Akron  they  don't  refer  to  their  companies  as 
"The  Goodyear  or  The  Firestone"  anymore. 

Are  the  workers  as  proud  of  what  they  do  for  their 
employers  as  they  used  to  be?  Probably  they  are,  but  I  don't 
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know  about  tire  builders.  There  are  so  few  around  Akron  now 
that  practically  ho  auto  tires  are  made  in  the  Rubber  Capital 
of  the  World. 

Chemists  are  no  longer  the  elite,  either.  They  work  in 
teams  now,  and  individual  stars  don't  seem  to  emerge,  unless 
you  put  computers  in  that  classification.  What  stars  there  are 
are  accountants,  lawyers  and  MBAs. 

But  I  do  know  this:  Rubber  fills  a  need.  It's  a 
commodity  the  modern  world  can't  do  without.  It's  as 
indispensable  as  steel  and  wood  and  brick  and  mortar. 

,  The  late  Ralph  Wolf,  who  was  probably  the  world's  most 
prolific  writer  about  rubber,  put  it  this  way  in  an  article  in 
Rubber  World  magazine  in  1964: 

"Civilization  as  we  know  it  today  is  wholly  dependent  upon 
rubber.  It  is  a  material  of  myriad  uses,  totally  unlike 
anything  the  world  had  previously  known.  It  enters  in  a 
thousand  ways  into  the  fabric  of  our  daily  lives. 

It  is  a  servant  that  follows  us*  literally,  from  the 
cradle  to  the  grave.  We  are  ushered  into  the  world  by  the 
rubber-covered  hands  of  a  doctor  in  surroundings  made  sterile 
and  quiet  by  this  ubiquitous  substan.ce,  and, we  exit  in  a 
rubber-gasketed  coffin  hauled  by  a  rubber-lined  hearse." 

Thank  you. 
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Polyoctenamer,  535 
Polyphosphazene,  119,  297, 

421 

Polypropylene,  155 


Polyurea,  1 

Polyurethane,  1,  251,  369, 
405,  415,  483 
Poly(urethaneurea),  1 
Post  cure,  369 
PPDI,’  s^  p-phenylene 
di isocyanate 
Precipitated  silica,  141 
Prediction  equations,  129 
Prepolymer,  1 
Properties 

dynamic  mechanical,  1, 
119,  369 
mechanical,  525 
PTMO,  see  poly(tetramethylene 
oxide) 

Pyrolysis,  307,  353 

R 

Radial  tires,  565 
Raman  spectroscopy,  297 
Reaction  mechanism,  297 
Reference  compound,  535,  557 
Regression  analysis,  129 
Reinforcement,  s^  also 
carbon  black 

fiber,  415,  427,  485, 
547,  557 
,  hose,  485 
silica,  141 
Resistance 

abrasion,  369,  427,  535 
cut,  547 
fire,  421 
fluid,  119 
hydrolysis,  483 
penetration,  427 
sour  crude,  119 
tear,  427 
Reversion,  31 
Rheometry,  317 
Rotational  isomeric  state 
theory,  141 
Rubber 

characterization,  333, 
353 

components*  281 
guayule,  535 
inhomogeneity,  229 
natural,  see  natural 
rubber 

polybutadiene,  307 
styrene-butadiene,  55, 


584 


229,  307,  345 
synthetic  natural,  565 
blends,  307 

S 

SAM,  see  scanning  Auger 
micrnscopy 
Santoweb  Fibers,  485 
SBR,  see  styrene-butadiene 
rubber 

Scanning  Auger  image,  281 
Scanning  Auger  microscopy, 

281 

Scanning  electron  microscopy, 
155 

Screening  designs,  129 
Secondary  electron  detector 
(SEO),  281 

Segmented  copolymers,  405 
SEM,  see  scanning  electron 
microscopy 

Short  fibers,  427,  485 
SMR,  s;^  standard  Malaysian 
rubber 

Soft  segment,  1 
Solubility  parameter,  155, 

379 

Solution  polymerization,  297 
Sorption,  379,  405 
Sour  crude  resistance,  119 
Spectral  editing,  55 
Spectroscopy 

Auger,  281,  473 
infrared,  1,  307 
Raman,  297 

Standard  Malaysian  rubber, 

535 

curing  studies,  31 
Stannous  chloride  dihydrate, 
155 

Statistical  experimental 
design,  129 

Statistical  process  control, 
473 

Stearic  acid,  31 
Studies 

chemical  agent 
screening,  379 
natural  rubber  curing, 

31 

track  design,  211 
Styrene-butadiene  rubber,  55, 
229,  307,  345,  473,  485, 


535,  £47 

Substituent  effects,  55 
Sulfenamide  accelerator,  31 
Sulfur,  55,  155 
Swelling,  31,  141 
Swelling  measurements,  229, 
251,  473 

Synthesis,  1,  369 
Synthetic  natural  rubber,  565 

T 

Tan  delta,  273 
Tear,  169 

resistance,  427 
strength,  369,  535,  547 
testing,  485 
Tearing  energy,  175 
Temperature(s) 

dependence,  119 
track  pad,  211 
use,  119 
Testing 

fatigue,  485 
field,  485 
immersion,  379 
mechanical,  535 
tear,  485 

Tetraethylorthosi licate,  141 
Tetramethylthiuram  disulfide, 
31,  55,  155 

TGA,  see  tnermogravimetric 
analysis 

Thermal  analysis,  see  also 
specific  method,~T773,  317, 
473 

Thermul  model,  211 
Thermogravimetric  analyses, 

1,  73,  317 

Thermomechanical  analysis,  1, 
317,  369 

Thermomechanical  degradation, 
251 

Tires,  73,  369 
TMA,  see  thermomechariical 
analysis 

TMTD,  see  tetramethylthiuram 
disulfide 
Tr  ack 

design  studies,  211 
German  Diehls,  557 
pad  prototype 
evaluation,  415 
pad  temperatures,  211 
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pads,  307,  369,  473 
rubber,  229,  317 
rubber  compounds,  525 
T-142,  211 
T-156,  211,  557 
T-157,  473,  557 
Track  block 

T-156,  557 
T-158,  557 

Triblend,  55,  525,  557 
Trimethylol  propane,  369 
Tubeless  tire,  565 

U 

Ultimate  properties,  141 

V 

Vacuole  formation,  197, 
Vaianis-Landel  Equation,  451 
Vibration  damping,  119 
Vinyl  chloride-vinyl idene 
chloride  copolymers,  55 
Vulcanization,  55,  73,  535 
Vulcanization  mechanism,  31 

W 

Wear  mechanism,  229 

Weight  gain,  379 

Wire  and  cable  jacketing,  421 

Z  ' 

Zinc  accelerator  complex,  31 
Zinc  oxide,  31 
Zinc  stearate,  155 
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